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ABSTRACT

Tissue-Specific Responses from a Global Developmental Signal: A Detailed Subcellular
Analysis of the 20E and Rab Signaling Pathways Controlling Exocrine Secretion During
Drosophila Development

by
Nichalas L. Nelson

During metamorphosis, the steroid hormone 20-hydroxecydysone (20E) triggers a
plethora of tissue-specific responses in the common fruit fly, Drosophila melanogaster. The
salivary glands are exocrine organs that respond to a large pulse of 20E to secrete a massive
cargo of stored glycoproteins called glue. Because the glands are amenable to ex vivo-organ
culture and powerful genetic manipulations, they are an excellent model for studying the
conserved developmental and physiological signaling pathways that regulate the general function
of these specialized secretory tissues. Our lab has generated transgenic animals in which the
secreted glue molecules are tagged with fluorescent proteins. I have used these flies to
characterize the number, size, shape, and relative pH of the secretory cargoes in live cells before
and after exposure to the 20E steroid hormone. Using a specialized binary-expression system, I
have complemented this analysis to characterize cells that have been specifically compromised
for molecules that control this steroid-regulated secretion pathway. Here, I report how
genetically manipulating 20E exposure, reception, transcription factor induction, and activation
of Rab GTPases affects the maturation, transport, and release of the glue cargoes. Because

iii

humans and flies often use the same signaling molecules and pathways in their tissue-specific
responses to steroids, this thesis is expected to contribute to our fundamental knowledge of how
exocrine tissues respond to steroids and secrete cargoes into a limited luminal space before
expulsion to the outside of the animal.
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CHAPTER 1
Introduction

1.1: Overview of Steroid Signaling During Drosophila Development
Hormones are essential signaling molecules for multicellular organisms that are typically
produced in one tissue, usually an endocrine gland, and are released into the circulatory system
where they are delivered to target tissues to drive the developmental and physiological responses
of those cell types (reviewed in Belfiore and LeRoith, 2018). Insects are no different, as they rely
on hormonal signals to coordinate and regulate their physiology and development. For example,
hormones play a vital role in the development of Drosophila melanogaster as it progresses from
larva to the adult fly. In general terms, there are two classes of hormones in metazoans: those
that act on the cell surface by binding to receptors and transmitting signals to the nucleus, and
those that act intracellularly by binding to receptors in the cytoplasm or nucleus (Watson, 1999).
The former category contains ligands that are peptides or proteins, with examples including
insulin, oxytocin, and prolactin. The latter class is comprised of ligands that are lipophilic and
can be further separated into two classes based on the structure of the ligand and its receptor. The
first class is the classical steroids, which typically have homodimers for their receptors. The
second class has RXR heterodimers for their receptors, where at least one member of the
receptor complex is an RXR member. Ligands in this class do not necessary look like steroids,
but they are lipid molecules that bind to receptors that are very similar to the steroid receptors.
Examples of this include thyroid and retinoic acid hormones (Glass and Holloway, 1990; Green
and Chambon, 1988).

1

The major steroid hormone in Drosophila that triggers most of the postembryonic
developmental transitions (metamorphosis and ecdysis) is 20-hydroxyecdysone (20E). 20E is
originally synthesized as a precursor, α-ecdysone, which is produced from dietary cholesterol.
The uptake of this cholesterol is controlled by DHR96, a nuclear hormone receptor (Sieber and
Thummel, 2009). Once made in the prothoracic gland, α-ecdysone is released into the
hemolymph in a vesicle-mediated manner regulated by calcium signaling (Yamanka et al.,
2015). The hormone will then be taken in by other tissues, including the midgut, fat body, and
Malpighian tubules, where it will be hydroxylated to its active form by Shade, a P450
monooxygenase (Petryk et al., 2003).
20E had previously been thought to be able to simply diffuse across the cell membrane,
as many lipophilic steroid hormones can, but a recent report suggests that a membrane
transporter is required in order for a cell to take in the hormone (Okamoto et al., 2018). Once
inside the cell, the hormone will move through the nuclear pores where it will interact with its
nuclear receptor complex – a heterodimer consisting of Ecdysone Receptor (EcR) and
Ultraspiracle Protein (USP).
In the absence of the hormone ligand, the EcR/USP receptor complex has been shown to
bind directly to ecdysone-responsive elements (EcREs) near target genes (Figure 1.1A). This
unliganded receptor complex represses the transcription of those target genes because the
receptor complexes with a co-repressor known as SMRTER (Dobens et al., 1991; Tsai et al.,
1999). SMRTER interacts with Sin3A, which complexes with the histone deacetylase
Rpd3/HDAC; thus, the unliganded receptor complex promotes the condensation of the chromatin
at 20E-responsive genes, restricting basal transcription of those genes (Tsai et al., 1999).
Alternatively, in the presence of the hormone ligand, the EcR/USP receptor complex undergoes a
2
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Figure 1.1. Schematic demonstrating ecdysone receptor action. A. In the absence of the 20E
ligand, the receptor complex directly represses ecdysone-responsive genes by binding to
EcREs and complexing with the co-repressor SMRTER, which acts to condense the
chromatin around the response genes. B. With the 20E ligand bound, the receptor complex
promotes the expression of primary response genes by interacting with a co-activator, which
loosens the chromatin and recruits the transcriptional machinery.
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conformational change which allows it to interact with the histone H3 lysine 4-specific histone
methyltransferase Tritorax-related protein (TRR) (Sedkov et al., 2003). TRR tri-methylates the
lysine 4 of histone H3, which is known to promote transcriptional activation, and together with
an additional EcR co-activator, Ash2, the EcR/USP receptor complex induces the transcriptional
expression of 20E-responsive genes (Carbonell et al., 2013; Santos-Rosa et al., 2002) (Figure
1.1B).

1.2: Summary of the Tissue-Specific Events Triggered by 20E at the End of the Third
Instar
In Drosophila, a single steroid hormone, 20E, is able to trigger diverse tissue-specific
developmental and physiological fates. This is best highlighted by the events that take place at
the end of the third instar. At this time, target tissues respond to 20E in three major ways:
proliferation, remodeling, and histolysis/apoptosis. Here, I will outline the fates of five target
tissues that fall under those three categories (Figure 1.2).

1.2a: Imaginal Discs
Imaginal discs are epithelial tissue structures that develop during embryogenesis that
ultimately give rise to external adult structures such as the eyes, legs, and wings. Once developed
as clusters of undifferentiated cells, the discs will continue to proliferate during the majority of
the larval period until the late third instar. By this time, a single mature disc can contain as many
as 50,000 cells in a folded, single-cell-thick epithelium (Bayer et al., 1996). A small titer of 20E
during the mid-third instar will promote the growth of the imaginal discs, which occurs through
4
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Figure 1.2. Schematic demonstrating the different fates certain tissues undergo at the end of
the third instar.
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the downregulation of Thor, a negative growth regulator (Herboso et al., 2015). The discs will
gain the competence to undergo metamorphosis in the mid-to-late second instar but will not do
so until the late third instar. Continued proliferation despite obtaining competence might be due
to the presence of juvenile hormone (JH), because JH has the ability to prevent the
metamorphosis of mature discs (Chihara et al., 1972). In response to the large titer of 20E at the
end of the third instar, the imaginal discs will differentiate into their specialized, respective
tissues during metamorphosis. Doing so will evert and elongate the discs to the exterior of the
pupa, ultimately forming rudimentary adult appendages (Fristrom and Fristrom, 1993).

1.2b: Fat Body
Obtaining and utilizing the proper nutrition during the larval period is key for the transition
from larva to the adult fly. The fat body of Drosophila plays a crucial role in this transition, as it
serves to both process and store nutrients during larval development. At the end of the third
instar, the fat body undergoes a dramatic morphological change that is induced by 20E.
Disruption of 20E signaling in the fat body as late as the beginning of the third instar results in
pupal lethality (Bond et al., 2010). During prepupal-pupal metamorphosis, the fat body
dissociates from the basement membrane. The freed cells of the fat body change their
morphology from being tightly bound and polygonal to freely floating and spherical. It is
presumed that these changes in morphology occur so nutrient molecules stored in the fat body
cells are more accessible as the adult tissues are being constructed.
Fat body cell dissociation is predominately brought about by two matrix metalloproteinases
(MMPs). MMP-1 and MMP-2 are both 20E-responsive and their expression causes fat body
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tissues to dissociate into individual cells. MMP-1 destroys DE-cadherin-mediated cell-cell
junctions while MMP-2 preferentially degrades basement membrane components (Jia et al.,
2014). 20E and ßftz-f1, the transcription factor competence molecule, are sufficient to induce
premature fat-body remodeling, which occurs through increased expression of MMP-2 (Bond et
al., 2011). During the larval-prepupal transition, JH and its receptor, Met, drive the expression of
Kr-h1. Kr-h1 is a transcription factor that represses Mmp expression while simultaneously
inducing Timp (MMP inhibitor) expression. Together these proteins will prevent MMP-induced
fat body cell dissociation during this transition. While there is a JH titer decline in the early hours
of the prepupal period, there is a prepupal 20E peak which induces E75 and Blimp-1, two 20E
primary response genes. E75 prevents the DHR3-mediated induction of ßftz-f1 and Blimp-1 acts
as a transcriptional repressor to further restrict ßftz-f1 expression. These events will continue to
prevent cell dissociation until the prepupal 20E titer drops. Then, DHR3 will be free to drive the
expression of ßftz-f1, which activates the expression of Mmp while inhibiting Timp expression,
ultimately causing MMP-induced fat body cell dissociation 6-12 hours after puparium formation
(Jia et al., 2017).

1.2c: Central Nervous System
The larval central nervous system (CNS) of Drosophila fits into the “remodeling” category,
as it undergoes extensive genetic reprogramming at the end of the third instar in response to the
large titer of 20E. Instead of the larval CNS being completely histolyzed in order to form the
adult CNS, which happens with many larval tissues, the CNS is remodeled to accommodate the
neural needs of the adult fly. Part of that remodeling consists of neural pruning, in which
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synaptic connections are streamlined for efficiency by removing weakly reinforced or larvalspecific connections.
This remodeling is best seen with mushroom body γ neurons, which first begin their
remodeling 4-6 hours after prepupal formation (Lee et al., 2000). Neural remodeling in the
mushroom body is 20E-dependent. This remodeling is primarily regulated by the EcR-B1
isoform of the 20E receptor complex. Additionally, this isoform is upregulated by Babo/dSmad2mediated TGF-β signaling, which increases 20E signaling (Zheng et al., 2003). With this
upregulation in 20E signaling, approximately 1,000 genes show 20E-dependent expression in
mushroom body neurons (Hoopfer et al., 2008). Many of these genes show direct involvement
with neural pruning, such as the upregulation of genes encoding components of the ubiquitinproteasome system (UPS). As neural synapses are removed, more proteins must be degraded.
Thus, it stands to reason that the large 20E titer would upregulate genes involved in UPSmediated protein degradation. 20E has also been shown to upregulate structural constituents or
regulators of the cytoskeleton that are responsible for neural branching, which is necessary in
establishing new synaptic connections (Hoopfer et al., 2008).

1.2d: Midgut
The midgut of a Drosophila larva is a monolayer of epithelial cells that come from the
embryonic endoderm. This epithelial layer is ensheathed in a visceral mesoderm layer.
Endodermal midgut precursors must establish contact with this mesoderm layer in order to
undergo the mesenchymal-epithelial transition to establish the midgut (Tepass and Hartenstein,
1994). At the onset of metamorphosis, instead of this tissue proliferating or being reprogrammed
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similar to the tissues mentioned above, it is histolyzed. This destruction is necessary because the
adult midgut is forming from adult midgut progenitor cells (AMPs) and will soon replace the
degrading larval digestive system. These two processes, the destruction of the larval midgut and
the proliferation and establishment of the adult midgut are synchronized but appear to be
independent of one another (Lee et al., 2002).
In response to a large, late third instar 20E titer, the larval midgut is destroyed through
autophagy, which involves DNA fragmentation and the formation of autophagosomes (Denton et
al., 2009). This titer of 20E triggers a signaling cascade that drives the expression of BRC and
E93, which are critical regulators in activating midgut cell death. Many cell death genes are
upregulated during this period, including rpr, hid, ark, and dronc. Mutations in the two critical
regulators, BRC and E93, affect the expression of these death genes in the larval midgut, with
BRC mutants affecting rpr and hid expression, while E93 mutants affect caspase gene dronc
expression (Lee et al., 2002). Even though the presence of high caspase expression and activity
might suggest the midgut is destroyed through apoptosis, the destruction is still able to occur
despite mutations in key apoptotic genes, such as the canonical ark/dronc apoptotic pathway
(Denton et al., 2009). Moreover, Decapentaplegic (Dpp), a bone morphogenetic protein ligand in
the TGF-β superfamily, has been found to prevent precocious midgut destruction by impairing αecdysone production in the prothoracic gland, while preventing expression of 20E-responsive
genes in the midgut (Denton et al., 2019). In all, the large pulse of 20E at the end of the third
instar triggers programmed cell death (PCD) in the larval midgut.

1.2e: Salivary Glands
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The primary purpose of the salivary glands is to mass produce and secrete a highly
glycosylated mix of mucin-like proteins known as glue in response to the large, late third instar
20E titer. After the glue has been secreted and expectorated, there is no longer any use for the
larval salivary gland tissue to the developing adult fly. Thus, it undergoes PCD in response to a
smaller 20E titer near the end of the prepupal period (Jiang et al., 1997). While both the larval
midgut and the salivary glands experience PCD in response to a 20E titer and employ similar
signaling pathways, there are several differences between the two responses that reflect distinct
inductive mechanisms for cell death. The first and most obvious difference is the 20E titer that
triggers the mechanisms of PCD; a larger, late third instar titer is responsible for midgut
destruction whereas a smaller titer near the end of the prepupal period is responsible for the
destruction of the salivary glands. The magnitude of a 20E titer has been shown to be important,
as a smaller mid-third instar (mL3) titer induces glue gene synthesis in the salivary glands while
the larger, late third instar one induces metamorphosis and the termination of glue gene synthesis
in the same tissue (Costantino et al., 2008). Secondly, midgut destruction does not require ßftzf1, whereas the subsequent induction of key regulators that induce PCD in the salivary glands,
such as BRC, E74A, and E93, requires the presence of this competence factor for PCD (Lee et
al., 2002; Broadus et al., 1999). Likewise, the role of those key regulators, E93 in particular, is
different in salivary gland induction of PCD. E93 mutants fail to have proper transcription of all
the death genes mentioned above in the salivary glands, whereas only the transcription of dronc
is affected by the same mutant in the larval midgut (Lee et al., 2000; Lee et al., 2002). However,
despite the differences, the two tissues utilize many of the same key regulators of the 20E
signaling pathway to induce PCD, including but not limited to: BRC, E74, and E93.
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Caspase activity is required for PCD in the salivary glands (Martin and Baehrecke, 2004).
Drosophila inhibitor of apoptosis I (DIAP1) is a protein that is highly expressed in the late third
instar that prevents caspase-dependent PCD by interacting with and preventing the activation of
caspases (Hay et al., 1995; Yin and Thummel, 2004). Salivary gland PCD is only obtainable
after levels of this protein are down-regulated by the 20E receptor and its transcriptional coactivator: CREB binding protein (CBP) (Yin et al., 2007). This down-regulation continues to
allow DIAP1 to prevent early cell death while also allowing the death genes rpr and hid to later
be induced and overcome DIAP1 blocking PCD. PCD is also blocked during the larval stages by
the repression of these same death genes by Forkhead (Fkh). The late third instar 20E titer
induces the expression of BRC, which down-regulates Fkh expression (Cao et al., 2007). This
frees the repression of rpr and hid expression, giving the protein products of those genes the
ability to target DIAP1, thus removing the ultimate block on salivary gland PCD.

1.3: Genetic Reagents Developed to Study Salivary Gland 20E Responses in Live Animals
1.3a: Assay Reagents
Since the salivary glands respond to 20E in a robust manner by secreting a glue mix in
response to a large pulse of steroid, they can act as a model for better understanding the
physiology of exocrine tissues responding to hormones. Thus, I will focus on the 20E response
of the salivary glands for the rest of this thesis. In order to make these glands a functional model
for secretion, our lab established fly strains that have introduced transgenes tagging the sgs3 glue
gene with fluorophores. Two tagged transgenes are primarily used in my work: one containing
the regulatory and coding information of sgs3 with a carboxy extension containing the sequence
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for a fluorescent dsRED protein (glueRED), and another containing the same sgs3 sequences
tagged with eGFP (glueGRN) (Costantino et al., 2008). These transgenes have been shown to be
faithfully expressed, trafficked in vesicles and granules through the endomembrane system, and
secreted in response to endogenous 20E exactly as the native Sgs3 proteins are (Biyasheva et al.,
2001). Furthermore, the two transgenes have subsequently been placed into the same strain so
that a mix of red-tagged and green-tagged sgs3 glue is expressed in a single animal. Going
forward, that strain will be referred to as glueYLO.
Thus, in the glueYLO strain, glue granules will contain Sgs3 proteins that are untagged
(from the endogenous genes), tagged with red fluorescence (from the glueRED transgene), and
tagged with green fluorescence (from the glueGRN transgene). As a result, most granules will
fluoresce in shades of yellow (when excited by both 488 and 561 nm wavelengths), with a few
displaying individual variations that can be more red or more green. This provides a unique
opportunity to track some individual glue cargoes from their packing into granules to their
secretion into the lumen of the tissue in response to 20E.

1.3b: Pathway-Disrupting Reagents
Glue secretion in the salivary glands is 20E-dependent and requires a signaling pathway
involving many components. Perturbing the components of this signaling pathway can give
insight on their role in the secretion process and provide details of the temporal and spatial
response to a generalized steroid signal. Toward that goal, we have used genetic reagents that
take advantage of the GAL4/UAS binary expression system (Brand et al., 1994). Transgenes
have been introduced that drive the yeast-specific transcription factor GAL4 in a temporal and
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spatial-specific fashion. Fly strains employed in this thesis drive GAL4 specifically in the
salivary gland during the mid-third instar (mL3), when glue gene expression is induced by a
small titer of 20E. This transgene will be referred to as glueGal4. Once the GAL4 protein is
made, it will bind to the upstream activating sequence (UAS) of an experimental transgene to
drive the expression of that transgene only in the mid-third instar of the salivary glands. The
experimental transgenes utilized here will perturb specific components of the 20E signaling
pathway to further define the role of those genes.
In order for the salivary glands to respond to 20E, the cells of the gland must first be
exposed to the hormone. Using available tools, there are several ways to affect 20E transport into
cells. One way is to use mutants, dominant negatives, or silencing transgenes to block 20E
production in whole animals. Although reagents that affect the 20E biosynthetic pathways and/or
the endocrine structures that produce α-ecdysone have been generated, most have pleiotropic
effects that complicate the analysis of a third instar salivary gland response. Recently, a 20E
importer molecule has been identified, but genetic reagents that silence the gene starting in mL3
do not completely block 20E import, possibly due to a low protein turnover rate (Okamoto et al.,
2018). Therefore, I used a 20E antagonist, E23, to block 20E exposure to salivary gland cells.
E23 encodes an ATP-Binding Cassette (ABC) transporter that has been shown to expel 20E out
of target cells (Hock et al., 2000). Thus, by overexpressing a wildtype E23 protein in the salivary
glands prior to the 20E pulse, we and others have shown that 20E-induced responses (early puffs
and primary-response gene inductions) are undetectable (Paladino, 2012; Hock et al., 2000). To
use this, a transgene containing cDNA from the E23 gene under UAS control was introduced into
animals also containing glueGal4. Thus, E23 becomes overexpressed prior to 20E exposure only
in third instar larval salivary glands.
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After the salivary gland cells have been exposed to 20E, the next stage of the pathway is
for the hormone to bind to its nuclear heterodimer receptor complex, EcR/USP. To perturb the
pathway at this stage, we must use constructs containing dominant negative or silencing
transgenes that target one of those receptor proteins. However, it has been shown that targeting
USP is not very effective, most likely due to its long protein perdurance (Costantino et al., 2008).
Therefore, two transgenes targeting the EcR protein have been generated, one using RNA
interference and the other using a dominant-negative version of the receptor. The transgene UASEcRi, driven by glueGal4, will express an inverted repeat of a DNA coding region common to all
isoforms of the ecdysone receptor protein at mL3 (Costantino et al., 2008). That inverted repeat
will then be used in the RNA interference machinery to block the new synthesis of EcR proteins,
thus preventing the salivary gland cells from adequately responding to the late third instar 20E
titer. Alternatively, the dominant-negative construct, UAS-EcR-DN, produces a receptor isoform
that contains a defective ligand-activated transactivation domain. This was produced by
truncating the C-terminus of the open reading frame at the 655th residue and substituting
phenylalanine with alanine at position 654 (Cherbas et al., 2002). These mutations produce EcR
proteins that are still able to dimerize with USP, doing so in a competitive manner with the
endogenous, wildtype EcR proteins. Likewise, the dominant negative proteins are also able to
bind to the 20E response elements. However, the complexes containing EcR-DN/USP are unable
to bind 20E and thus, are unable to induce the expression of the 20E-dependent primary response
genes.
Taking a step down the signaling hierarchy, the third stage of the pathway is to target and
silence one of the major 20E primary-response genes: The Broad Complex (BRC). The Broad
Complex encodes a family of C2H2 zinc-finger transcription factors that are essential for larval
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metamorphosis. Through alternative splicing, four functional isoforms are produced that share
identical N-termini but differ in their DNA binding domains (Bayer et al., 1997). Similar to the
UAS-EcRi transgene mentioned above, a UAS-BRCi transgene was used to block the production
of these transcriptional factors by expressing an inverted repeat of a DNA coding region
common to all four isoforms at mL3. This transgene silences a major component of the ecdysone
signaling pathway due to BRC serving as a global regulator of tissue-specific responses to 20E,
hence why it was the one 20E primary-response gene chosen to be silenced (Bayer et al., 1997).
Lastly, the fourth stage for compromising the pathway is to target the Rab GTPase
molecules. Rab proteins are heavily involved in the formation, mobilization, and dumping of
membrane-bound vesicles (Horgan and McCaffrey, 2011). Thus, Rab proteins play a significant
role in the glue secretion process in salivary gland cells. As an alternative to targeting all the Rab
genes (there are 31 known functional Drosophila members), I chose to target the single protein
responsible for Rab recycling: GDP dissociation inhibitor (GDI) (Dunst et al., 2015). GDI is
essential to recycle Rab proteins off acceptor membranes and return them to donor membranes
(Cherfils and Zeghouf, 2013). However, while recycling may be required, too many GDI
proteins can be detrimental to the cell. The dissociation of GDP is required to activate the
GTPase activity of a Rab protein, but if there are too many GDI proteins, or proteins that inhibit
that dissociation, then the Rabs are not able to function properly. Therefore, to globally target
Rab signaling without specifically silencing each Rab gene, I used a transgene that
overexpressed GDI (GDIo). Theoretically, this should work by “soaking” up all the functional
Rabs, depleting the cell of molecules that are essential for granule trafficking. This transgene,
UAS-GDIo, was produced from a transposon-mobilization screen (Costantino, 2010) and, similar
to the UAS-E23o transgene, contains the cDNA of the GDI gene under control of the UAS
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sequences. As described above, this transgene will be ectopically overproduced in larval salivary
glands when combined with a glueGal4 driver (Costantino, 2010).
All four of the transgenes mentioned above, which are under UAS control, were crossed
with glueGal4; glueYLO fly stocks. This allows me to compare how the different perturbations
affect the property of the glue granules compared to wildtype conditions (Chapter 2) and how
they affect the secretion of that glue. Ultimately, these constructs will grant additional insight on
how these genes are affecting a tissue-specific response, along with how much interplay there is
among the genes. As an added bonus, we are evaluating a collection of UAS transgenes to
identify those that are the most effective at blocking 20E responses when combined with a tissue
specific GAL4 driver of choice.

1.4: Summary of the Thesis Research
With these reagents in hand, I set out to accomplish several goals as they are laid out in
the chapters of this thesis. In Chapter 2, I will describe how glue molecules are secreted in
salivary glands in response to 20E using live imaging analyses. I will characterize the number,
size, and relative pH of the glue cargoes (vesicles and granules) in wildtype cells carrying the
glueRED and glueGRN transgenes before and after 20E exposure.
In Chapter 3, I will describe what happens to glue granules (size, shape, and relative pH)
when the cells are compromised for 20E signaling. I will characterize granules in cells that are
blocked for 20E exposure, compromised for the EcR receptor, and silenced for the BRC.
In Chapter 4, I will characterize granules in cells that are globally blocked for Rab
signaling. Then, I will attempt to genetically add Rab molecules back into genetic backgrounds
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compromised for 20E signaling to see if I can elucidate the pathways whereby 20E controls Rabs
and granule size and activity.
Finally, in Chapter 5, I will summarize my results and talk about future directions.
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CHAPTER 2
A Subcellular Characterization of Wildtype Secretion Using a Fluorescently Tagged Cargo
Protein
2.1: Introduction
The Drosophila salivary glands offer numerous advantages as a model system to study
exocrine secretion in animals. One of those advantages is that the salivary gland cells are
unusually large due to polytenization, a result of DNA endoreplication without cell division.
Most animal cells range from 10-20 µm in diameter, but salivary gland cells often range from 50
to 80 µm in diameter (Li et al., 2015). This makes it easier to work with the cells and allows for
better visualization of intracellular processes with light microscopy. Another advantage is that
there are many genetic reagents available, serving a variety of purposes. The GAL4/UAS binary
expression system is an example of this, as it is relatively easy to express most desired genes in
most tissues at any desired time. Lastly, most processes that occur in the salivary glands and
Drosophila as a whole are conserved. Nearly 75% of disease-related genes in humans are
estimated to have functional orthologs in Drosophila (Pandey and Nicholas, 2011). These
advantages, plus many more, make working with the salivary glands as a model to study
exocrine secretion significant and worthwhile.
Because of the large degree of polytenization in this powerful genetic model, the salivary
glands have been utilized for more than 60 years to elucidate the molecular details of how steroid
hormones change gene expression to cause a tissue-specific physiological response. Included in
that research are studies characterizing the morphology of both the glands and the glue granules
as they progress through metamorphosis. As previously mentioned, the predominant function of
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these glands is to mass-produce and secrete a highly glycosylated mucin-like glue which will act
to adhere the pupa to a surface during metamorphosis. Once made, this glue has to be packaged
into vesicles and granules and, in response to a large pulse of 20E, trafficked to the apical surface
of the cell so they can be dumped into the lumen of the gland. Previous research has used
transmission electron microscopy (TEM) to show that these glue granules contain foamy
electron-transparent, fine particulate dense, and filamentous-like paracrystalline components
(Lane et al., 1972; Ashburner and Berendes, 1978; Farkaš and Šuťáková, 1998). However, a
more recent study using scanning electron microscopy (SEM) has shown this glue to be a highly
structured bioadhesive mass containing internal spongious to trabecular infrastructure (BeňováLiszeková et al., 2019). While these studies are highly informative on the structure of the glue
inside the granules, very few studies have focused on the overall organization and morphology of
the glue granules as they respond to 20E. Those that have, focus on the salivary glands in
sections of fixed tissues (Farkaš and Šuťáková, 1999). Thus, a gap remains that warrants a
characterization of this dynamic process in live tissues, which is what is presented in this
chapter.
My work will attempt to provide a fundamental study of the system – namely, the
properties of the glue granules under wildtype conditions. The goal of this chapter is to provide a
comprehensive description of the glue secretion process in live tissues using confocal
microscopy of fluorescently tagged cargo proteins. I will begin by describing the “normal”
granule number and morphology to establish a baseline that will allow for subsequent
comparisons to be made when components of the signaling pathway are perturbed. These
characterizations should provide additional insight into the role those components play in the
secretion process by assessing the differences in the glue properties.
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2.2: Methods
2.2a: Drosophila Strains and Culture
All matings were performed at ambient room temperature (approximately 22°C). Fly
strains were reared on a cornmeal/soy flour/agar/yeast/corn syrup medium as described by the
Bloomington Drosophila Stock Center (URL:
bdsc.indiana.edu/information/recipes/bloomfood.html) with omission of dehydrated light malt
extract. Drosophila strains were obtained from Bloomington Drosophila Stock Center (BDSC,
Bloomington, IN, USA, supported by NIH P40OD018537), RNAi strains are from one of the
three RNAi stock centers: Fly Stocks of National Institute of Genetics (NIG-FLY [N], Mishima,
Japan), Transgenic RNAi Project (TRiP [T], Harvard Medical School, Boston, USA), and
Vienna Drosophila Resource Center (VDRC [V], Vienna, Austria). Strains combining transgenes
(for example, glueGal4, glueRED, glueGRN) were generated by standard mating methodology
exploiting independent assortment of genetically marked chromosomes and/or meiotic
recombination.

2.2b: Ex Vivo Salivary Gland Culture
The salivary glands from staged larvae were dissected in Dulbecco’s Phosphate-buffered
saline solution (DPBS) (Dulbecco and Vogt, 1954) or Shields and Sang M3 media (Cat. #S3652,
Sigma-Aldrich, St. Louis, Missouri, USA) and mounted on a 25 x 75 mm glass slide (Cat. #12550-17, Thermo Fisher Scientific, Waltham, Massachusetts, USA) with a standard coverslip of
0.17 mm thickness (Thermo Fisher Scientific) (Wünsch et al., 1993).
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2.2c: Microscopy and Imaging
Confocal images were captured on a Nikon A1Rsi laser scanning microscope system
(UNLV Confocal and Biological Imaging Core, Nikon Instruments Inc, Melville, New York,
United States). All glands were observed using a Plan Apo VC 60x/NA1.2 water immersion
objective and NIS elements image analysis software (Nikon).

2.3: Results
2.3a: Establishing a Reference for the Average Granule Diameter
In the animals that will be analyzed in Chapters 3 and 4, I will be mating flies containing
the glueGal4, glueRED, and glueGRN transgenes (hereafter referred to as glueGal4, YLO) to
animals containing UAS-assay genes (i.e., UAS-EcR-DN, UAS-EcRi, UAS-BRCi, etc.). Before
progressing to these studies, I wanted to first characterize the baseline size, density, and relative
pH of granules in the wildtype parental stock. Because I will be mating animals homozygous
(containing two copies) for each of the three transgenes in glueGal4, YLO, it is important to first
mate the homozygous glueGal4, YLO to flies containing wildtype chromosomes in order to
analyze animals that will only have one copy of each transgene (glueGal4, YLO/+) per salivary
gland cell. The parent chosen for this cross was the w1118; +; + strain because this is the parental
stock into which each of the three transgenes was originally injected.
The first parameter that I wanted to characterize was that of granule size and the average
diameter of a glue granule. Thus, I measured the diameter of 839 granules from seven different
cells (each from a different gland) to obtain an average granule diameter of 2.6 µm with a
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Figure 2.1: Distribution of glue granule diameters from a glueGal4, YLO x w1118 mating. N =
839. Granules were counted from seven cells that were selected from seven different salivary
glands. Mean = 2.6 µm; S.D. = 0.63 µm; Median = 2.5 µm.
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standard deviation of 0.63 µm (Figure 2.1). From this, it is clear that glue granule size appears to
follow a normal distribution, with the smallest granule recorded at 1.2 µm and the largest at 5
µm. Thus, 68% of the granules were between 2.0 µm and 3.2 µm. These measurements are
consistent with previous electron microscopy (EM) studies of late 3rd instar salivary glands of
Drosophila melanogaster (Farkaš and Šuťáková, 1999).

2.3b: Establishing a Reference for Granule Density in Different Regions of the Salivary
Gland
Knowing the average diameter allows one to explore additional properties, such as the
average number of granules present in a cell and whether cells in one region of the gland contain
more granules than cells in the other regions. The salivary gland can be arbitrarily split up into
three different regions: anterior, middle, and posterior, with the anterior region containing cells
that are closest to the salivary duct. The same mating, glueGal4, YLO x w1118, was used to
analyze whether one region of the gland had cells that contained more granules than the cells in
the other regions. To answer, I chose five cells from each of the three regions and captured a Zstack image of each of the cells (Figure 2.2A). This Z-stack started from the first optical section
containing granules and progressed at 2.6 µm increments (the average glue granule diameter
calculated above). After the entire depth of the cell was imaged, I then counted every glue
granule in the cell at each optical section, adding the number of granules present at each section
up to get the total number of granules in that given cell. Thus, an estimate of the total number of
granules present in a cell can be achieved by using 2.6 µm increments for the Z-stack. These
results are an estimate because of the potential for microscopy and human errors, such as
undercounting smaller granules due to confocal light detection error in the z-axis.
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A.

B.

Figure 2.2: Distribution of glue granules in a cell per region of the salivary gland. A. Schematic
of the Z-stack imaging technique. B. Total number of glue granules in a cell per region of the
salivary gland. N = 5. * indicates p-value <0.05 as calculated by a Mann-Whitney test (nonparametric since the distributions are skewed).
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Nonetheless, I found that the cells in the posterior region have an average of 5,500
granules, with a standard deviation of 490 granules; cells in the middle region have an average of
4,200 granules, with a standard deviation of 210 granules; and cells in the anterior region have an
average of 3,200 granules, with a standard deviation of 240 granules (Figure 2.2B). The
difference between the three regions was significant (p-value < 0.05). Thus, the cells in the
posterior region of the salivary gland contain the most granules. This result was expected
because the posterior region of the gland is the first to produce granules and thus has more time
to accumulate them.
Next, I calculated the average volume of the cells in each of the three regions of the
gland. To start, I used two different methods to calculate the volume and compared the
difference between the two. The first method involved measuring the diameter of the cell at its
maximum area (the plane in which the nucleus of the cell is at its largest), dividing this diameter
by two to get the radius, and then using that radius to calculate the volume using the equation for
the volume of a sphere: V = 4/3πr3. The second method calculated the volumes of the 2.6 µm Zsection slices (π*(D/2)2*2.6 µm) and added the volumes of those slices together to get the total
volume of the cell. Presumably, the latter method would be more accurate, as it is a more precise
measurement and takes the shape of the cell into account. Because cells are not perfectly
spherical, one would imagine the volume formula would either over- or underestimate the correct
value. However, when comparing the volumes obtained from both methods for three separate
cells, I only found an average of a 5% difference between the two methods. Because of this, I
used the former method, using the volume of a sphere, for the remaining cell calculations in this
work.
After obtaining the volumes for three cells for each of the three regions, I found that cells
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Region of
Wildtype Gland

Average Volume

Average Cell Diameter

Average Nucleus
Diameter

Anterior

57,200 µm3

47.2 µm

21.6 µm

Middle

78,300 µm3

52.6 µm

22.0 µm

Posterior

118,000 µm3

60.3 µm

23.6 µm

Figure 2.3: Distribution of cell volumes, average cell diameter, and average nucleus diameter
per salivary gland region (calculated by using the equation for the volume of a sphere).
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in the posterior region have an average volume of 118,000 µm3, cells in the middle region have
an average volume of 78,300 µm3, and cells in the anterior region have an average volume of
57,200 µm3 (Figure 2.3). Again, this result is expected and supports the above finding, as larger,
more voluminous cells should contain more glue granules.
Likewise, I also found that cells in the anterior region have an average cell diameter of
47.2 µm, with an average nucleus diameter of 21.6 µm; cells in the middle region have an
average diameter of 52.6 µm, with an average nucleus diameter of 22.0 µm; and cells in the
posterior region have an average diameter of 60.3 µm, with an average nucleus diameter of 23.6
µm (Figure 2.3). All of the findings above support one another and ultimately support the
conclusion that anterior cells have fewer granules, smaller average volumes, and smaller average
cell and nucleus diameters. Or conversely, posterior cells contain the greatest number of glue
granules and have the largest average volumes, cell and nucleus diameters.

2.3c: Establishing a Reference for the Average Number of Different Colored Granules per
Maximum Cell Plane
In addition to collecting data on the number and size of glue granules, I noticed a
variation in granule color fluorescence. Although most granules were yellow, some were purely
red or green. One explanation for this is that some of the glue granules have different pHs due to
the fact that low pH environments quench the eGFP used in the glueGRN transgene (Paroutis et
al., 2004; Patterson et al., 1997). Because of this, red granules are presumed to be much more
acidic than yellow granules; whereas green granules are assumed to be much higher in pH than
yellow granules. The differing colors of the glue granules warranted a characterization to
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Region of
Wildtype
Gland

Average Number
of Yellow
Granules per
Maximum Area

Average
Number of
Green
Granules per
Maximum
Area

Anterior

130

3

0

4

Middle

131

3

1

0

Posterior

210

3 (2.8 µm)

1 (2.7 µm)

1 (3.1 µm)

Average Number Average Number
of Red Granules
of Orange
per Maximum
Granules per
Area
Maximum Area

Table 2.1: Average number of colored granules per region of the wildtype gland at maximum
area. Average size of the non-yellow colored granules for the posterior cells noted in
parenthesis.
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investigate whether cells in the different regions of the gland have different distributions of nonyellow colored granules.
After looking at three cells for each region of the gland, with each cell from a different
gland on a different animal, I found that there was not a significant difference in the distribution
of non-yellow colored granules between the three regions. Cells in the anterior region, at
maximum area, have an average of 130 yellow, 3 green, 0 red, and 4 orange colored granules.
Cells in the middle region, at maximum area, have an average of 131 yellow, 3 green, 1 red, and
0 orange colored granules. Finally, cells in the posterior region, at maximum area, have an
average of 210 yellow, 3 green, 1 red, and 1 orange colored granules (Table 2.1). The green
granules in the posterior region have an average diameter of 2.8 µm, red granules have an
average diameter of 2.7 µm, and orange granules have an average diameter of 3.1 µm. These
granule diameters are consistent with the distribution observed for yellow glue granule
diameters, suggesting that size is not a contributing factor to the pH of the granule, at least in
wildtype animals. Overall, the wildtype glands do not have very many non-yellow colored
granules, but the ones present are not distributed differently across the three gland regions nor
are they abnormally large or small.

2.4: Discussion
Most studies dealing with exocrine secretion in the Drosophila salivary glands focus on
the secretion of the glue rather than the glue granule itself. While there is good reason for this, as
many components of the secretion pathway are conserved and exocrine secretion is ubiquitous, it
is important to provide a fundamental characterization of the system at the subcellular level. This
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chapter attempts to provide a thorough characterization of the glue granules found in wildtype
cells using fluorescently tagged glue proteins.
My results indicate that the size of the glue granules follows a rather normal distribution,
with a glue granule averaging a diameter of 2.6 µm. I then found a series of results that reinforce
the previously established idea that during glue synthesis, the posterior cells of the salivary
glands start producing granules before the middle and anterior cells. By obtaining an average
diameter of the glue granules that follows a normal distribution, I was able to determine how
many granules are present in a given cell. With that, I was able to compare cells in one region of
the gland with those in another. I found that cells in the posterior region have an average of 5,500
glue granules, while cells in the middle and anterior regions have an average of 4,200 and 3,200
granules, respectively. Likewise, I found that posterior cells have an average volume of 118,000
µm3, while cells in the middle and anterior regions have an average volume of 78,300 µm3 and
57,200 µm3, respectively. These results go hand in hand, as the cytoplasm of a salivary gland cell
near the end of the third instar, regardless of which region it is in, will be packed full of glue
granules, so having a larger volume will result in more glue granules.
The average diameter of both the cell and nucleus also fall into this pattern, as I found
posterior cells have larger cell and nucleus diameters. This was already previously reported, but
it further confirms that posterior cells undergo additional rounds of endoreplication, which would
increase the size of the nucleus as nucleus size is dependent on nuclear content (Ashburner and
Berendes, 1978). The posterior end is also closest to the fat body, which is one of the tissues
responsible for converting α-ecdysone into its active form of 20E. As such, this end develops
first and has been shown to respond to 20E first as well (Duan et al., 2020).
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The fluorescent genetic reagents used also provided additional utility, as individual
granules can be tracked and analyzed for their relative pH, which can be demonstrative of the
conditions of the gland or cell itself. There are several possible explanations for the differential
granule colors found within a cell. The most unlikely is the idea that a red or green granule is the
result of a skewed proportion of the transgene-derived glue proteins. In other words, more glue
proteins from one transgene are placed into a particular granule as opposed to there being a
relatively equal mix from both fluorescent transgenes. While this is unlikely, the possibility
cannot be ruled out entirely. What is more likely, however, is that there are differences in the pH
within individual granules, and those differences can be seen in the relative quenching of the
eGFP.
That begs the question of why some granules might be more or less acidic than the
others. I believe red granules, or granules that are assumed to have a lower pH, are glue granules
that have fused with lysosomes. This fusion would provide a suitable environment for the
complete quenching of the eGFP, such that only the red fluorescence is seen. However, it is not
advantageous for a cell to have its soon-to-be secreted cargoes fuse with lysosomes, so this
fusion event is likely not favorable. It being unfavorable might explain why only a quarter of the
cells in wildtype salivary glands contain a red granule and roughly a quarter of the cells that do
have one, have more than one in the same cell (data not shown). Thus, not very many cells
contain a red granule and those that do often do not have more than one. The low frequency of
these red granules suggests the formation of them is rare, which would support my hypothesis
that the red granules result from glue granules fusing with lysosomes. However, further testing is
needed to confirm the accuracy of this hypothesis.
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An alternative explanation to account for the green granules is seen in movies generated
by K. Lantz, where yellow granules form a pore with the apical membrane which allows for a
backflow of lumenal material (Lantz, 2017). These granules then pull back into the cell, where
now they contain higher-pH material derived from the lumen, thus increasing the pH within the
granule. The increased pH will relieve the quenching of the eGFP, which will make the granule
appear green.
Ultimately, the most likely explanation of the different colored granules is that there is a
difference in pH due to some biological activity. This warranted a characterization of how these
colored granules are distributed across the salivary glands. Here, I found that the presence and
distribution of non-yellow colored granules to not be significantly different across the different
gland regions (Table 2.1). While the distribution is not significantly different, this data provides
a basis for which a comparison can be made in the subsequent chapters, where non-yellow
colored granules are more prevalent.
Overall, this chapter provides a thorough morphological characterization of the glue
granules and the salivary gland cells right before the large, late third instar titer of 20E.
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CHAPTER 3
A Subcellular Characterization of Glue Secretion in Genetic Backgrounds Perturbed for 20E
Signaling
3.1: Introduction
The identification of 20E primary response genes has a long history, beginning with
looking at puffs on polytenized chromosomes. The chromosomes in the salivary gland cells
endoreplicate, becoming polytenized with up to 1,000 copies of DNA per interphase
chromosome. This makes them much easier to visualize with light microscopy. The salivary
glands and polytene chromosomes provided the basis for a plethora of transformative research,
including cytogenetic studies correlating the puffing structure of the chromosomes to gene
activity (Bridges, 1935; Painter, 1933; Pelling, 1970).
Puffing studies from the 1970s led the way to the establishment of the Ashburner model,
a model attempting to elucidate the control of the puffing sequence in response to 20E. This
model states that the hormone receptor complex will promote the expression of genes in the early
puff regions while simultaneously repressing genes in the late puff regions. The protein products
of those early genes will then go on to promote the expression of the late genes while repressing
their own expression (Ashburner et al., 1974). As evidenced by the discussion in Chapter 1, this
model has withstood the test of time despite there being extraordinary technological advances.
Each puff on the polytene chromosomes has been shown to contain at least one gene regulated
by 20E. As an example, the 75B puff was found to contain the E75 gene, which is a primary
response gene that codes for members of the nuclear receptor family of transcription factors
(Segraves and Hogness, 1990). Likewise, the E74 gene was found to be contained in the 74EF
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puff, and this gene has binding sites for the protein product of the very same gene, providing
evidence of the feedback loop proposed in the Ashburner model (Thummel et al., 1990; Urness
and Thummel, 1990). Also, the BRC, which is another one of the major primary response genes,
corresponds to the 2B5 early puff locus (Chao and Guild, 1986).
Cloning specific puff genes eventually gave way to more advanced, global techniques to
identify 20E-regulated genes, such as microarrays, RNA-sequencing, and other transcriptome
analyses. These analyses were done to identify genes that are upregulated or downregulated at
certain stages, in certain tissues, and before and after 20E exposure. For example, analyses were
done that compared salivary gland gene expression in mL3 compared to glands at the white
prepupal (WPP) stage, along with WPP animals that overexpressed E23, which blocks 20E
signaling (Paladino, 2012). Genes that saw an increase or decrease in the accumulation of RNA
transcripts at the WPP stage compared to mL3 have the potential to be regulated by the large
pulse of 20E that occurs before puparium formation. Moreover, comparing whether that change
in expression persists despite disrupted 20E signaling in E23o animals provides additional
support to identify 20E-regulated genes. This chapter will build on those analyses and will
describe what happens to glue granule size, number, relative pH, and ability of the granules to
dump their cargoes in glands that have been compromised for key genes regulating the 20E
response of the salivary gland.

3.2: Methods
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Drosophila strains/culture, dissections/short-term salivary gland culture, and
microscopy/imaging performed in this chapter are described in section 2.2. Also, cell volume
calculations performed in this chapter are described in section 2.3b.

3.3: Results
3.3a: A Subcellular Analysis of Salivary Glands That Are Limited in Their Exposure to
20E
Once I had characterized the morphology and behavior of glue granules in wildtype
salivary glands, I moved on to examine how these granules might change when I compromise
certain components of the 20E signaling pathway. One of the ways to perturb the pathway is to
block cells from being exposed to 20E. There are several ways to block exposure, such as
preventing synthesis of 20E in whole animals, preventing 20E from being imported into cells, or
overexpressing a transporter that pumps 20E out of cells before it can complex with its nuclear
receptor. Of all these possible perturbations, overexpressing the 20E transporter has the strongest
effect on blocking glue secretion while minimizing pleiotropic effects.
The 20E-controlled response of salivary gland glue secretion is finely tuned. The
hormone needs to enter the cell at a specific concentration to stimulate the induction of the
primary response genes, but it must also be degraded or removed in order for the inductive
response to be limited temporally. In wildtype cells, a 20E-inducible gene (E23) is induced as
part of the primary response. E23 encodes an ABC transporter, which has been shown to pump
20E out of the salivary gland cells once expressed. Presumably, its role in the hormone response
is to remove 20E after the initial response so that the pathway is not continuously stimulated.
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Figure 3.1. Transgenes were utilized to perturb three different parts of the 20E signaling
pathway: hormone exposure, the ecdysone receptor, and one of the major primary response
genes. All images shown are images of the posterior 1/3 of a salivary gland lobe. Panels A,
A’, and A” are images from three different animals expressing E23o. Panels B, B’, and B” are
images from three different animals expressing EcRi. Panels C, C’, and C” are images from
three different animals expressing EcR-DN. Panels D, D’, and D” are images from three
different animals expressing BRCi. All photos were taken at the same magnification. The
scale bar in D” represents 25 µm and is the same in all photos.
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I have introduced a transgene that overexpresses the E23 transporter and does so while
the glue is first being made, prior to the large titer of 20E responsible for inducing secretion. To
perform this analysis, I mated glueGal4, YLO x UAS-E23o and dissected the salivary glands
from the resultant larvae at the WPP stage (Figure 3.1, panels A, A’, A”). Using the same
methodology described in Chapter 2 to measure cell sizes and volumes, I found that the most
posterior cell during the WPP stage of an E23o gland has an average volume of 49,000 µm3
(Table 3.1). This is 59% smaller than wildtype L3 posterior cells. On average, the largest and
most posterior E23o cell contains 51 yellow, 4 green, 5 red, and 7 orange granules at its
maximum area. The average size of those granules was as follows: yellow = 3.1 µm, green = 2.1
µm, red = 2.9 µm, and orange = 4.0 µm. Ninety-three percent of cells have a red granule and
every one of those cells has more than one. Eighty-three percent of these red granules are smaller
than 5 µm. Overall, the largest and most posterior cells contain 45% fewer granules per unit area
compared to L3 wildtype cells. Lastly, the most posterior cell at maximum area has an average
cell diameter of 44.3 µm and average nucleus diameter of 21.9 µm (Table 3.1).

3.3b: A Subcellular Analysis of Salivary Glands Compromised for the Ecdysone Receptor
After cells have been exposed to 20E, the next step is for 20E to bind to its nuclear
heterodimer receptor. Thus, this is next part of the pathway I chose to perturb. The first step in
doing so was to conduct a comprehensive characterization of glands in which the EcR
component of the 20E receptor is compromised. To perform this analysis, I mated glueGal4,
YLO x UAS-EcRi and dissected the salivary glands from the resultant larvae at the WPP stage
(Figure 3.1, panels B, B’, B”). The UAS-EcRi transgene triggers RNA interference to target all
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Table 3.1. Cell and granule characteristic data of wildtype and 20E-signaling perturbed
glands.
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isoforms of the ecdysone receptor driven by the expression of GAL4 when the glue is first
synthesized. In wildtype flies, the glue would have already been secreted into the lumen at the
WPP stage, but the lack of the ecdysone receptor prevents this secretion (Figure 3.1, panels B,
B’, B”).
The most posterior cell during the WPP stage of an EcRi gland has an average volume of
113,000 µm3. This is four percent smaller than the average volume of a wildtype posterior cell in
L3 and it is not significantly different by a Student’s t analysis (p > 0.05) (Table 3.1). On
average, the largest and most posterior EcRi cell contains 140 yellow, 5 green, 4 red, and 0
orange granules at its maximum area plane. The average size of those granules was as follows:
yellow = 3.2 µm, green = 2.2 µm, and red = 2.9 µm. The lumen of a perturbed gland is typically
not visible at maximum area of the largest and most posterior cell because little-to-no glue has
been secreted. When visible, however, the red granule characteristics are different. Within 10 µm
vertically from lumenal depths, or the depths at which the lumen is visible when visualizing with
confocal microscopy, 92% of EcRi cells have a red granule, whereas only 24% of L3 wildtype
cells have one within 10 µm vertically from the lumenal depths. Every one of those EcRi cells
that has a red granule has more than one of them, whereas only 21% of L3 wildtype cells that
have a red granule have more than one in the same cell. The red granules in the EcRi cells are
also larger than normal at these depths: 73% of the red granules found at lumenal depths have a
diameter over 5 µm. Overall, the largest and most posterior cells contain 17% fewer granules per
unit area compared to L3 wildtype cells. Lastly, the EcRi cells have an average cell diameter of
58.0 µm and average nucleus diameter of 20.5 µm (Table 3.1).
The next method I employed to compromise the 20E receptor was to express a dominant
negative transgene of EcR. This construct, which contains a variant of the wildtype EcR
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sequence that has a truncated open reading frame for the C-terminus at the 655th residue and has
substituted phenylalanine with alanine at position 654, produces an alternative receptor that out
outcompetes (due to overexpression from glueGal4) endogenous receptors when pairing with
USP. When examining the most posterior WPP cells from the glueGal4, YLO x UAS-EcR-DN
cross (Figure 3.1, panels C, C’, C”), I calculated that the average volume of these cells is 81,500
µm3 (Table 3.1). This is 31% smaller than the average volume of L3 wildtype posterior cells and
28% smaller than the average EcRi posterior cell. On average, the largest and most posterior
EcR-DN cell contains 76 yellow, 2 green, 5 red, and 4 orange granules at its maximum area. The
average size of those granules was as follows: yellow = 2.9 µm, green = 2.7 µm, red = 2.7 µm,
and orange = 3.0 µm. At lumenal depths, 90% of cells have red granules and every one of those
cells has more than one. They are also predominantly smaller than those found in EcRi cells;
85% of the red granules in EcR-DN cells have a diameter smaller than 5 µm, which is only a two
percent difference from E23o cells. Overall, the largest and most posterior cells contain 45%
fewer granules per unit area compared to L3 wildtype cells, which is a less than one percent
difference from E23o cells. Lastly, the most posterior cell at maximum area has an average cell
diameter of 53.6 µm and average nucleus diameter of 24.3 µm (Table 3.1).
When looking at the characteristics of the perturbed glands above, one can see that the
E23o and EcR-DN glands are very similar. They are similar in gland size, granule size, red
granule size, red granule distribution, and granule density (Table 3.1). The EcRi glands,
however, are larger, have larger granules, have larger red granules, and have a higher density of
granules. Looking at these findings, I wanted to understand what would happen when either the
E23o or EcR-DN transgene was placed into an EcRi genetic background.
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Figure 3.2. Two perturbing transgenes were placed into the EcRi genetic background. The
EcR-DN transgene was combined with EcRi and the resulting glands are characteristic of
EcR-DN only glands. Panels A and D are images from an animal expressing EcRi. Panel B is
an image from an animal expressing EcR-DN. Panel C is an image from an animal expressing
both EcRi/EcR-DN. The E23o transgene was then combined with EcRi and the resulting
glands are characteristic of E23o. Panel E is an image from an animal expressing E23o. Panel
F is an image from an animal expressing both EcRi/E23o. All photos were taken at the same
magnification. The scale bar in panel F represents 25 µm and is the same in all photos.
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Thus, in an effort to better understand how that would affect the gland and glue granule
characteristics, I genetically placed the EcR-DN transgene in animals also containing the EcRi
transgene (Figure 3.2, panels A, B, C). The resulting glands are essentially identical to EcR-DN
only glands (Figure 3.2, compare panel B with C). There is a large quantity of the red granules
that are randomly distributed throughout the cells and the glue granules themselves are nearly
equivalent in size and number. Likewise, I placed the E23o transgene into the same EcRi
background (Figure 3.2, panels D, E, F). The resulting glands are characteristic of E23o only
glands (Figure 3.2, compare panel E with F), similar to what was observed above.

3.3c: A Subcellular Analysis of Salivary Glands Compromised for a 20E Primary Response
Gene
The next perturbation performed on the 20E signaling pathway targeted one of the major
primary response genes, the Broad Complex (BRC). The BRC codes for a set of transcription
factors that regulate many downstream genes and acts as a global regulator of tissue-specific
responses to 20E. I targeted the BRC using RNAi. The UAS-BRCi transgene was designed to
target a region common to all RNA transcripts generated from the complex (Perkins et al., 2015).
Thus, BRCi blocks the normal expression of all isoforms of the BRC. To perform this analysis, I
mated glueGal4, YLO x UAS-BRCi and dissected the salivary glands from the resultant larvae at
the WPP stage (Figure 3.1, panels D, D’, D”).
When examining the most posterior WPP cells from this mating, I calculated that the
average volume is 167,000 µm3 (Table 3.1). This is much larger than wildtype (42% larger). The
granule count and size are abnormal as well. On average, the largest and most posterior BRCi
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cell contains 9 yellow, 16 green, 4 red, and 28 orange granules at its maximum area. The average
size of those granules was as follows: yellow = 4.4 µm, green = 4.6 µm, red = 7.6 µm, and
orange = 6.8 µm. At lumenal depths, 100% of cells have a red granule and every one of those
cells has more than one. Lastly, the most posterior cell at maximum area has an average cell
diameter of 67.7 µm and average nucleus diameter of 21.5 µm (Table 3.1).
After observing the differences between EcRi and BRCi glands (Figure 3.1, compare B,
B’, B” with D, D’, D”), I wanted to investigate whether the effects of silencing BRC could be
rescued by preventing 20E signaling from occurring in the first place. In other words, I wanted to
test the hypothesis that EcR is epistatic to the BRC. To do so, I introduced the EcRi transgene
into a strain that contained glueGal4, YLO and UAS-BRCi.
The results of this analysis indicate that EcRi/BRCi glands are strikingly similar to EcRi
glands (Figure 3.3, compare panel A with C). This conclusion is supported by the lack of severe
glue granule and gland morphological defects that are found in BRCi glands. The granules in
EcRi/BRCi glands are mostly yellow with a few of the EcRi-like red granules that are typically
near the lumen. Likewise, no partial secretion was observed in these glands, which is
characteristic of the EcRi phenotype. Thus, placing the EcRi transgene in the BRCi background
rescues the glue and gland morphological defects, suggesting EcR is epistatic to the BRC, which
was predicted. This also provides additional evidence suggesting the phenotype characteristic of
BRCi is not a result of off-target effects from the RNAi construct, as that phenotype disappears
when the 20E signal is blocked before the late third instar pulse.
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Figure 3.3. The EcRi transgene was placed into a strain containing the BRCi transgene. The
resulting glands closely resemble EcRi glands. Panel A is an image from an animal expressing
EcRi. Panel B is an image from an animal expressing BRCi. Panel C is an image from an
animal expressing both EcRi/BRCi. All photos were taken at the same magnification. The
scale bar in panel C represents 25 µm and is the same in all photos.
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3.3d: An Analysis of Glue Secretion in Salivary Glands Compromised for 20E Signaling
Components
After observing dramatic changes in both cell and glue granule morphology for the 20E
signaling-perturbed glands above compared to wildtype glands, I wanted to investigate how the
secretion of that glue is affected. Overall, all the glands described above fail to secrete most of
their granules and no glue is detected as expectorate on the outside surface of the larvae when
observed with low resolution fluorescent stereomicroscopy. However, not every perturbation
appears to affect glue secretion to the same degree, as some glands contain hints of glue in their
lumens, while others have none at all. Thus, I used a genetic reagent that is more sensitive in
detecting small amounts of glue secretion. That reagent is a modified synaptobrevin membrane
marker.
Synaptobrevin is one of the main SNARE (Soluble NSF Attachment Protein Receptor)
proteins. SNARE proteins form a complex that is required for the fusion of vesicles and granules
to the plasma membrane. The proteins that are on a vesicle as opposed to the target membrane (tSNAREs) are known as v-SNAREs. Synaptobrevin is one of the two major v-SNAREs, with
synaptotagmin being the other. These small proteins will coat a vesicle and play an essential role
in allowing the vesicle to overcome the energy barrier involved in fusing it to the plasma
membrane (Malsam et al., 2008).
A transgene containing the cDNA of the endogenous synaptobrevin gene tagged with the
open reading frame for a pH-sensitive GFP protein at the carboxy terminus has been constructed
under UAS/GAL4 control (Poskanzer et al., 2003). This transgene, UAS-synB.GFPpH, acts as a
pH indicator for vesicles. The pH-sensitive fluorophore faces inside the lumen of the vesicle and
will only fluoresce at a higher pH. Thus, as glue granules are acidified during their maturation,
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the green fluorescence of this marker becomes quenched. However, when the granules fuse with
the apical membrane and become exposed to the higher pH found in the lumen, the fluorescence
of the marker dramatically increases. Therefore, under normal conditions, this marker will only
be visible on the apical membrane if granules containing it fuse there. All of the perturbations
described above result in full or partial defects in glue secretion. Therefore, by using this genetic
reagent, I wanted to test the degree to which partial secretion might be occurring for each of the
previously described genetically compromised glands.
After mating flies containing the UAS-synB.GFPpH transgene with each of the perturbing
transgenes described above, I found that most have at least some partial secretion (Figure 3.4).
The EcRi glands (Figure 3.4, panel C) are the only glands that have no detectable secretion. EcRDN and E23o glands (Figure 3.4, panels D and E) both have similar amounts of partial secretion,
as they have nearly equal levels of lumenal expansion in most images. The levels of fluorescence
are more intense in EcR-DN and E23o glands and this may suggest the amount of secretion is
greater in these glands, but the laser intensity when capturing these images was not controlled for
and kept the same. If it were, the wildtype glands would exhibit the most intense fluorescence, as
those glands are actively secreting most of the glue in the cells of the glands. Overall, the lack of
fluorescence from EcRi glands demonstrates that transgenic reagent provides the tightest block
of 20E signaling, as the other perturbations still result in small amounts of secretion.

3.4: Discussion
After establishing a baseline reference for the gland and glue granule conditions before
and after 20E exposure, I then sought to investigate how those conditions are altered when key
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Figure 3.4. The UAS-synB.GFPpH transgene was placed into stocks containing transgenes
targeting specific components of the 20E pathway. Presence of fluorescence at the apical
membranes indicates secretion is occurring due to the fluorescent reagent only fluorescing at
higher pHs. Panel A is an image from a wildtype animal before secretion. Panel B is an image
from a wildtype animal after secretion. Panel C is an image from an animal expressing EcRi.
Panel D is an image from an animal expressing EcR-DN. Panel E is an image from an animal
expressing E23o. Panel F is an image from an animal expressing BRCi. All photos were taken
at the same magnification. The scale bar in panel F represents 25 µm and is the same in all
photos.
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components of the 20E signaling pathway are perturbed. This pathway is a signaling cascade,
where the hormone enters the cell and binds with its receptor complex to promote the expression
of several primary response genes. Those genes go on to activate many other secondary
responses which ultimately lead to the secretion of the glue that has accumulated in the salivary
gland cells. By its very nature, a signaling cascade has many points before and during the
transduction where one might disrupt the signal in order to elucidate the finer details of the
pathway. For this particular pathway and for that particular reason, I wanted to perturb the
exposure of 20E to cells, the nuclear receptor, and one of the major primary response genes.
I utilized available genetic reagents in my pursuit to prevent the salivary gland cells from
being exposed to this hormone before the major third instar pulse. I could have prevented the
hydroxylation of α-ecdysone through mutations in shade, a P450 monooxygenase (Petryk et al.,
2003). That would have essentially prevented the circulation of the active 20E hormone in whole
animals, including the salivary glands. However, doing that would probably generate many
pleiotropic effects or even prevent the animals from developing as larvae at all. Thus, those
pleiotropic effects would complicate my specific analysis of the salivary gland response.
Because of that complexity, I then turned to a recent study that suggests an importer is
required for 20E to enter salivary gland cells (Okamoto et al., 2018). This prospect was
promising, as now I could avoid whole-animal perturbation and focus on preventing only the
salivary gland cells from being exposed to the hormone. However, perturbing this 20E importer
with RNAi did not result in a complete block of glue secretion, perhaps due to a low protein
turnover rate (data not shown). I then focused on a transporter, E23, that is made as part of the
primary response to the hormone, which has been shown to pump 20E out of the cell. Previous
studies have shown that overexpressing this pump phenocopies the loss of 20E, which makes it
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an ideal candidate to use to prevent salivary gland cells from being exposed to the hormone
(Paladino, 2012). Therefore, I overexpressed E23 starting with when the glue was first being
synthesized (mL3), and was able to successfully block glue secretion (Figure 3.1, panels C, C’,
C”). The resulting glands were much smaller, contained fewer overall granules, and had more
red granules, which I believe to be low pH granules that might have fused with lysosomes (see
discussion in Chapter 2) (Table 3.1).
I then progressed further down the pathway and chose to perturb the ecdysone receptor
complex. This complex is made up of two proteins: EcR and USP. Previous attempts have been
made at perturbing the USP component of the complex, but those attempts did not result in a
complete block of the glue secretion, again, presumably due to a low protein turnover rate for
USP (Costantino et al., 2008). Thus, I perturbed the EcR protein using two methods. When
targeting all common isoforms of the protein with RNAi, the resulting glands had the tightest
block on secretion, with no detectable secretion (Figure 3.4, panel C). Likewise, these glands had
the closest resemblance to wildtype L3 glands, with there being no significant difference in cell
volume and there being a lot of similarity in the composition of the glue granules (Table 3.1). In
contrast, using a dominant negative version of the EcR protein produced glands that were much
different than the EcRi glands. EcR-DN glands, however, were very similar to E23o glands in
multiple aspects, including granule density and red granule size and number.
After observing the results of the three perturbations above, with their similarities and
differences, I formed the following hypothesis: Because the glueGal4 driver is turned on a little
after the second small pulse of 20E, this drives the expression of the UAS-E23o and UAS-EcRDN transgenes, and I speculate that the transcription and translation of those transgenes take no
longer than four hours. Thus, the 20E signal is blocked four hours after the expression of Gal4
57

Figure 3.5. Proposed model of when the perturbing transgenes block the 20E signal. Model
suggests the third minor 20E pulse plays a significant role in the glue granule synthesis and
maturation process.
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(Figure 3.5). I also speculate that, while the UAS-EcRi transgene is expressed at the same time as
the others, it takes much longer to block the signal. This is because: the RNAi system has to be
activated, the ecdysone receptor transcripts have to be degraded, and then there needs to be a
turnover of endogenous receptor proteins. Therefore, I speculate that the signal is finally blocked
after the third minor 20E pulse. Because the continued synthesis of glue proteins and granules
requires ecdysone signaling from mid-L3 on, blocking that signaling too early is likely to
produce less sgs3 and fewer granules as observed.
Looking at these findings, I then wanted to follow up on that hypothesis and test it
further. One way to do so is to place both perturbing transgenes into the same animal and see
how that affects the glue granule characteristics. If my hypothesis, which is that the EcRi reagent
blocks the 20E signal much later than the others and does so after the third minor hormone pulse,
is correct, then glands that contain both transgenes should exhibit granule characteristics that are
similar to what is seen in E23o or EcR-DN glands, depending on which transgene is present.
Thus, I placed the EcR-DN transgene in with the EcRi transgene (Figure 3.2, panel C). The
resulting glands are essentially identical to EcR-DN only glands in regard to red granule
distribution and granule size and number. Likewise, I placed the E23o transgene into the same
EcRi background (Figure 3.2, panel F). The resulting glands are characteristic of E23o only
glands. Thus, this further supports my hypothesis that the EcRi reagent takes longer to block 20E
signaling and suggests that the third minor 20E pulse may influence granule maturation and
number, as glands that are blocked for 20E signaling before this pulse contain fewer and smaller
glue granules.
I next looked at perturbing the third point of the signaling pathway: the primary response
to the hormone. Just like with hormone exposure, there were many loss-of-function mutants or
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tissue-specific genetic reagents available targeting most of the major primary response genes,
such as using RNAi to target E74 or E75 (Biyasheva et al., 2001). However, perturbing those
genes does not block glue secretion, so I focused on a reagent that does, as that is the best place
to start the analysis. Thus, I targeted the BRC using RNAi (Figure 3.1, panels D, D’, D”). My
prediction was that disrupting BRC would only have minor effects compared to the other
perturbations due to it being more downstream of the signaling pathway. In essence, I predicted
that other pathway components not relating to the BRC might be able to continue and give partial
secretion and there would only be minor effects to the granule and gland morphology. However,
the resulting glands suggested that prediction was only half correct. Blocking BRC did result in
partial secretion, presumably due to the smaller vesicles dumping their cargoes, but blocking this
component of the pathway displayed a dramatic phenotype that was not predicted, as the granule
and gland morphology was dramatically altered.
Instead, the cell becomes much larger, with fewer yellow, or normal, granules that have
much larger diameters. This suggests faulty granule maturation and trafficking processes.
Likewise, these large granule inclusions that are abnormally colored may be a result of ER stress
responses or autophagy caused by the lack of Rab GTPase signaling (Rashid et al., 2015). The
two predominant glue granule colors were orange and green, which suggests the granules are
either much more or much less acidic than the yellow granules, respectively. Ultimately,
silencing the BRC allows some parts of the pathway to progress forward, resulting in partial
secretion, but the absence of the BRC dramatically alters the gland phenotype.
Lastly, I used a genetic reagent capable of detecting partial secretion at the apical
membranes of salivary gland cells. I placed this reagent into glands that had each of the
previously described perturbing transgenes and found that all but a single reagent produces
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glands with partial secretion (Figure 3.4). That single reagent is UAS-EcRi. Not only do animals
containing this transgene produce glands that are most similar to L3 wildtype, but this transgene
also provides the tightest block of 20E signaling in the salivary glands. Therefore, out of all the
perturbing reagents characterized in this chapter, I would recommend this reagent to anyone
wishing to block 20E signaling in a tissue-specific, UAS/GAL4-driven manner.
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CHAPTER 4
A Rescue of Salivary Glands Blocked for Secretion Using Wildtype Rab Transgenes
4.1: Introduction
The previous chapter explored the role several genes play in the 20E signaling pathway
that stimulates glue secretion in the salivary glands. This chapter will expand on that analysis by
examining 20E effector molecules downstream of the BRC primary response. One class of these
effectors is the Rab GTPases. Rab molecules are often described as molecular zip codes that
facilitate the formation, mobilization, targeting, and dumping of membrane-bound cargos
(Horgan and McCaffrey, 2011). These molecules can generally be found in two different states,
either bound to guanosine diphosphate (GDP) or guanosine triphosphate (GTP). Being bound to
GTP activates the Rab, which enables it to interact with its effector proteins and carry out its
specific function. However, once bound to GTP and activated, the nucleotide is rapidly
hydrolyzed to GDP due to the activity of the GTPase domain and a GTPase-activating protein
(GAP), which inactivates the Rab because it is now bound to GDP. Inactive Rab molecules need
to be activated again, but they first must be recycled. During the recycling process, GDP-bound
Rabs are extracted from membranes and kept in the cytosol until a GDP dissociation inhibitor
(GDI) allows the Rabs to be embedded in a new membrane once again (Dirac-Svejstrup et al.,
1997).
In Drosophila, there are 31 known functional members of the Rab GTPase family (Zhang
et al., 2007). Our lab has previously explored the role 27 of those Rabs play in the secretion
process (Lantz, 2017). That study demonstrated that a few Rabs were able to, when perturbed,
prevent glue secretion from occurring in the salivary glands, and also found several of the Rabs
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to be 20E-induced when Rab gene expression was analyzed. Ultimately, these results were used
to formulate a hypothesis that part of the 20E induction pathway is to activate Rabs for glue
secretion.
Previous studies have shown that the overexpression of GDI (by driving a UAS-GDIo
transgene in the salivary glands) is an effective genetic tool that globally targets and sequesters
Rabs in their inactive form, essentially blocking all Rab signaling in that tissue (Costantino,
2010; Lantz, 2017). This overexpression of GDI in mL3 glands will prevent glue secretion into
the lumen of the salivary glands and will produce misshapen glue granules. Thus, overexpressing
GDI provides a valuable tool to block all Rab signaling, while also allowing the function of
individual Rabs (in the form of UAS-Rab wildtype transgenes) to be introduced back into the
system to ascertain their role in the 20E-induced glue granule maturation and secretion
processes.
In this chapter, I first present a characterization of salivary gland responses and glue
granule morphology in response to overexpressing GDI. After establishing that characterization,
I provide evidence that overexpressing specific Rabs in this genetic background can partially
rescue the granule and gland morphological defects observed when GDI is overexpressed. I then
test to see if overexpressing individual Rabs in salivary glands perturbed for EcR and BRC
(described in Chapter 3) can rescue the secretion defects found in those glands. Here, I show that
full secretion can be rescued in the BRCi genetic background when ectopically expressing key
Rabs, whereas it cannot be rescued in the EcRi background. Overall, Rabs are essential to glue
granule synthesis, maturation, and secretion, and I present data suggesting that specific Rab
molecules play more of a vital role than others in glue responses.
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4.2: Methods
Drosophila strains/culture, dissections/short-term salivary gland culture, and
microscopy/imaging performed in this chapter are described in section 2.2. Also, cell volume
calculations performed in this chapter are described in section 2.3b.

4.3: Results
4.3a: A Subcellular Analysis of Tissues Phenocopying a Global Rab Deficiency
For these studies, I used a strain of flies that overexpressed GDI in a glueYLO
background (glueGal4, glueYLO, UAS-GDIo). Because the expression of GDIo completely
blocks glue secretion, I assayed all animals at the WPP stage for consistency (Figure 4.1, panels
B & D). I began the analysis by characterizing the salivary gland cells from animals in which the
perturbed strain was crossed to wildtype (glueGal4, glueYLO, UAS-GDIo/+).
The most posterior cells during the WPP stage for GDIo glands have an average volume
of 308,900 µm3 (Table 4.1). On average, the largest and most posterior GDIo cell contains 26
yellow, 17 green, 14 red, and 30 orange granules at maximum area. The average size of those
granules was as follows: yellow = 5.0 µm, green = 6.3 µm, red = 6.5 µm, and orange = 5.2 µm.
These glue granules are drastically larger than those found in glands perturbed for hormone
exposure and the ecdysone receptor, as described in Chapter 3. Lastly, the most posterior cell at
maximum area has an average cell diameter of 82.7 µm and average nucleus diameter of 24.9
µm. Disrupting Rab signaling through the overexpression of GDI produces glands that have clear
granule and cell morphological defects (Figure 4.1, panels B & D). These cells and granules are
much larger than wildtype and the granules have greater variations in color.
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Wildtype WPP Glands

GDIo WPP Glands
A

B

C

D

Figure 4.1. Salivary glands from both wildtype and GDIo genetic backgrounds at the WPP
stage. Glue has been secreted in wildtype (panels A & C) but not in GDIo glands (panels B &
D). The dashed line present in panel C allows easier identification of the basal surface of the
gland cells for that sample. All photos were taken at the same magnification. The scale bar in
panel D represents 25 µm and is the same in all photos.
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Because GDIo glands provide a tight block of glue secretion and produce a phenotype
most similar to silencing the BRC, I next wanted to investigate the relationship between 20E and
Rab signaling. To perform this analysis, I introduced the GDIo transgene into both the EcRi and
BRCi genetic backgrounds. Overexpressing GDI in an EcRi background produces glands that are
more characteristic of GDIo, which suggests GDI is epistatic to the ecdysone receptor (Figure
4.2, panels A, A’, A”). Moreover, GDIo was also placed into a BRCi background, and the
resulting glands also look similar to the GDIo phenotype (Figure 4.2, panels B, B’, B”). This
suggests GDI is also epistatic to the BRC.

4.3b: Ectopic Expression of Wildtype Rabs in a GDIo Background Partially Rescues
Secretion Defects
Of the 27 Rabs that were previously analyzed, three are of particular interest, because,
when compromised, granule maturation and secretion processes were perturbed (Lantz, 2017).
Dominant-negative transgenes of Rab1, Rab11, and Rab35 produced glands with altered granule
morphology and secretion defects. This data suggests that these individual Rabs are needed for
20E-induced glue granule maturation and secretion processes. To investigate how these three
Rabs participate in these processes, I first introduced transgenes containing wildtype cDNAs for
each of the Rab genes under UAS control into the glueGal4, glueYLO, UAS-GDIo strain to assay
for any type of noticeable rescue of the blocked secretion phenotype of glueGal4, glueYLO,
UAS-GDIo glands (Figure 4.3).
Ectopically overexpressing wildtype Rabs, regardless of which ones were expressed or in
what combination, did not overcome the block in glue expectoration. No pupa in any mating had
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GDIo Gland A’

EcRi Gland
A

GDIo Gland

A’ GDIo/EcRi Gland
A’

BRCi Gland

GDIo/BRCi Gland
B’

B

A”

B”

Figure 4.2. The GDIo perturbing transgene was placed into the EcRi and BRCi genetic
backgrounds to investigate the relationship between 20E and Rab signaling. A salivary gland
expressing only the GDIo transgene (panel A) is compared to a gland expressing only the
EcRi transgene (panel A’) and a gland expressing both GDIo and EcRi transgenes (panel A”).
A salivary gland expressing only the GDIo transgene (panel B) is compared to a gland
expressing only the BRCi transgene (panel B’) and a gland expressing both GDIo and BRCi
transgenes (panel B”). All photos were taken at the same magnification. The scale bar in panel
B” represents 25 µm and is the same in all photos.
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fluorescently labeled glue on the outside of the animal, which would indicate that these Rabs did
not fully rescue the glue secretion defect of GDIo (data not shown). In addition, no mating
successfully rescued glue section in its entirety, such as what is seen in wildtype glands at WPP.
However, adding in transgenes in an attempt to overcome the GDIo phenotype did produce some
noticeable differences.
Adding in Rab1, which is thought to be involved in the transport of vesicles from the ER
to the cis-Golgi (Allan et al., 2000), had the largest impact for a single Rab in rescuing the
secretion defect (Figure 4.3, panel B). While no glue is present in the lumen, the area
surrounding the nucleus in every gland observed (n = 7) is devoid of granules and has a faint
green color. We referred to this observation as a green halo, because the area devoid of granules
is perinuclear and surrounds the entire nucleus. Likewise, the apical membrane is also free of any
glue granules. Taken together, these observations are often found in wildtype glands that have
expectorated their secreted glue, as the tissue is a faint green color and the granules that remain
are often very large and are red/orange.
In stark contrast, adding in Rab11 to a GDIo background does not rescue the secretion
defect of GDIo (Figure 4.3, panel C). Rab11 is known for its role in recycling endosomes and
acts as a marker for such endosomes (Takahashi et al., 2012). Here, it does not change the
morphology of the glands that much, as the average volume for these glands is 297,100 µm3
compared to 308,900 µm3 for the GDIo glands (Table 4.1). Similarly, adding Rab35 by itself,
which is known for regulating the assembly of actin filaments (Zhang et al., 2009), does not alter
the characteristics of the GDIo gland (Figure 4.3, panel D). The introduction of this Rab has the
lowest impact on rescue due to the glands appearing very similar to GDIo glands. Not only do
they look similar, but these glands almost have an equal number of granules along with a similar
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GDIo x Rab1
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GDIo x Rab35

GDIo x Rab11
B

GDIo x Rab1, 35

GDIo x Rab1, 11
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Figure 4.3. Transgenes containing individual or a combination of key Rabs were placed into
the GDIo genetic background. Panel A is an image from an animal expressing GDIo. Rab1
was placed into the GDIo background (panel B). Rab11 was placed into the GDIo background
(panel C). Rab35 was placed into the GDIo background (panel D). Rab1 and Rab11 were
placed into the GDIo background (panel E). Rab1 and Rab35 were placed into the GDIo
background (panel F). Rab11 and Rab35 were placed into the GDIo background (panel G).
Rab1, Rab11, and Rab35 were placed into the GDIo background (panel H). Rab1, Rab5,
Rab6, Rab11, and Rab35 were placed into the GDIo background (panel I). All photos were
taken at the same magnification. The scale bar in panel I represents 25 µm and is the same in
all photos.
71

composition of those that are distinctly colored red or green (Table 4.1). However, despite the
similarity in appearance, these glands are substantially smaller in volume with an average
volume of 184,200 µm3. Because they have a similar number of granules with a smaller volume,
the addition of Rab35 to the GDIo background makes the cells more granule dense. Nonetheless,
adding in Rab35 by itself does not rescue the secretion block or altered granule morphology of
the GDIo background.
Rabs were then added in combinations into the GDIo background. From these analyses, it
is clear that Rab1 appears to be the one Rab that makes a gland have areas devoid of granules.
When Rab1 and Rab11 are combined into a GDIo background, the rescue effects characteristic
of each Rab appears to also be combined (Figure 4.3, panel E). For example, Rab1 appears to be
responsible for the green halo and the expansion of the lumen that is absent of notable granules;
whereas, Rab11 appears to contribute to lighter colored granules and more granules in general.
The average volume of glands with both of these Rabs is similar to that of GDIo alone (254,800
vs 308,900 µm3); however, these glands have nearly double the total number of granules, making
them nearly twice as granule dense. This density is characteristic of Rab11 alone, which by itself
is nearly twice as granule dense as GDIo as well. Rab1 alone, however, is equally as granule
dense as GDIo. Likewise, Rab11 alone has a substantially higher proportion of green glue
granules compared to Rab1 and GDIo, which both have similar colored granule proportions.
Thus, Rab1 provides the green halo and expanded lumen, while Rab11 brings more granules and
a higher proportion of green granules.
When Rab1 and Rab35 are combined, Rab1 still produces areas absent of granules, but
the glands do not manifest into a phenotype resembling that of Rab1 alone (Figure 4.3, panel F).
Interestingly, the addition of Rab35 appears to dampen the partial rescue effects of Rab1, as the
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Table 4.1. Cell and granule characteristic data of crosses that have introduced wildtype Rabs
into a GDIo background. Average diameter of colored granules at maximum area noted in
parenthesis.
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glands do not appear to be similar to GDIo but also do not appear to be similar to Rab1 only.
This suggests, as observed in glands containing both Rab1 and Rab11, that the two Rabs provide
effects that are combined here as well. The addition of Rab1 provides the most impactful rescue
effects to a GDIo gland, whereas Rab35 provides almost none. Therefore, when the two are
combined, the effects are essentially averaged between the two, hence the effects of Rab1 are
being damped by the addition of Rab35. In these glands, the proportion of green granules is
increased, which is not typical of either Rab. Glands from GDIo, only Rab1, and only Rab35 all
have remarkably similar total number of granules. However, Rab35 alone has a higher granule
density than Rab1, and that density is also similar to that found in glands that contain both Rabs.
This was also observed in glands with both Rab1 and Rab11, where the Rab accompanying Rab1
influences the granule density, whereas Rab1 mainly affects the lumen and the area surrounding
the nucleus.
Next, Rab11 and Rab35 were combined into a GDIo background (Figure 4.3, panel G).
The glands from this combination are the first to have glue secreted in the lumen. Although it is
not much, there is still noticeable glue that has been secreted into the area that makes up the
lumen. Combining these two Rabs increases the proportion of orange granules while keeping the
total number of granules nearly equivalent to GDIo glands (Table 4.1). The granule density
compared to GDIo glands is increased, but is still lower than that found in both Rab11 only and
Rab35 only glands. Visually speaking, there appears to be a blending of the two Rab phenotypes
just as there is in the combination of Rab1 and Rab35, where Rab35 reduces the rescuing effects
of the accompanying Rab. However, that is not backed up by the gland and granule morphology
data.
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I next wanted to observe if introducing all three key Rabs into the GDIo background
would provide the most robust rescue (Figure 4.3, panel H). Doing so generates glands that have
the smallest volume of all the matings, with an average volume of 163,900 µm3 (Table 4.1). The
green halo effect characteristic of Rab1 was present in all glands observed (n = 10), and every
gland had areas, typically the lumen or apical membrane of the cells, devoid of notable granules
while displaying the green cytoplasmic fluorescence. This, along with lumenal expansion in half
of the glands, further demonstrates the influence Rab1 has on a gland. Moreover, no glue was
found in the lumen of any gland, so adding in all three key Rabs fails to rescue glue secretion.
However, these glands are very similar to the glands that have a combination of Rab1 and
Rab11, which is in line with the thinking that Rab35 has little influence on rescue in these
circumstances. Although much smaller, glands with all three Rabs are equally as granule dense
as glands with both Rab1 and Rab11. Likewise, glands with all three Rabs are the second most
granule dense of all the crosses and have the second highest proportion of orange granules.
Overall, the data supports the hypothesis that adding in all three key Rabs does not rescue the
secretion defects any better than just adding in Rab1 and Rab11. In essence, although Rab35 is
necessary for glue secretion, it does very little, when added into the GDIo background, to rescue
such secretion.
Lastly, two additional Rabs were introduced in combination with the other three key Rabs
(Figure 4.3, panel I). These Rabs, Rab5 and Rab6, were also shown to create secretion defects
when perturbed in a previous study, although to a lesser degree than Rab1, Rab11, and Rab35
(Lantz, 2017). This “penta-Rab” stock produces glands that fail to rescue the glue secretiondefective phenotype of GDIo. Likewise, these glands have a similar volume to GDIo glands, but
have substantially more total granules per cell, along with the highest proportion of orange
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granules. This is characteristic of glands with all three key Rabs or glands with Rab1 and Rab11,
both of which were shown to be similar to each other. Because of this, a similar conclusion is
drawn: The addition of Rab5 and Rab6, despite both of them playing a significant role in the
secretion process, does not rescue the glue secretion or granule morphological defects of GDIo
any better than glands containing both Rab1 and Rab11 or all three keys Rabs.

4.3c: Ectopic Expression of Wildtype Rabs in a BRCi Background Rescues Secretion
Defects
After observing how ectopically overexpressing wildtype Rab proteins in a GDIo
background partially rescues glue and gland morphology, I attempted to do the same to glands
that are compromised for the BRC. I used the same perturbation described in Chapter 3, BRCi,
for the genetic background baseline and analyzed glands at the WPP stage. Again, at this stage in
wildtype glands, most of the glue granules would have already been secreted (Figure 4.1, panels
A & C). Thus, I introduced transgenes containing wildtype cDNAs for each of the Rab genes
under UAS control into the glueGal4, glueYLO, UAS-BRCi strain to assay for any type of
noticeable rescue of the blocked secretion phenotype of glueGal4, glueYLO, UAS-BRCi glands
(Figure 4.4).
Rab1 was just previously shown to play a vital role in the glue granule maturation and
secretion process. When introduced into a BRCi background, it continues to serve that role
(Figure 4.4, panel B). Compared to the BRCi/+ glands, overexpressing Rab1 in a BRCi
background produces glands that have full glue secretion. There is partial secretion in the BRCi
background glands, which is thought to be due to the secretion of the smaller vesicles, but it does
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Figure 4.4. Transgenes containing individual or a combination of key Rabs were placed into
the BRCi genetic background. Panel A is an image from an animal expressing BRCi. Rab1
was placed into the BRCi background (panel B). Rab11 was placed into the BRCi background
(panel C). Rab35 was placed into the BRCi background (panel D). Rab1 and Rab11 were
placed into the BRCi background (panel E). Rab1 and Rab35 were placed into the BRCi
background (panel F). Rab11 and Rab35 were placed into the BRCi background (panel G).
Rab1, Rab11, and Rab35 were placed into the BRCi background (panel H). Rab1, Rab5,
Rab6, Rab11, and Rab35 were placed into the BRCi background (panel I). All photos were
taken at the same magnification. The scale bar in panel I represents 25 µm and is the same in
all photos.
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not fill the lumen nearly as much as what is seen in wildtype glands at WPP. However,
introducing Rab1 into the BRCi background produces glands that have the lumen full of glue,
similar to that found in wildtype. Unlike wildtype glands, there appears to be a lot of the green
fluorescence in the cytoplasm, which was also seen, although not nearly this prevalent, when
Rab1 was introduced into GDIo glands as well (Figure 4.3, panel B). Wildtype cells at WPP are
mostly absent of any fluorescence in the cytoplasm, but every cell in these glands contains this
fluorescence. In addition, there are puncta of green fluorescence scattered throughout the
cytoplasm of these cells. These could be incredibly small, immature vesicles that are about to be
secreted or fluorescently labeled glue proteins that have not been trafficked through the
endomembrane system correctly due to the perturbation in BRC. Regardless, these puncta are not
present in either wildtype or BRCi glands and predominantly appear to be associated with the
introduction of Rab1.
Introducing Rab11 into a BRCi background produces glands that have similar levels of
glue secretion compared to the introduction of Rab1 (Figure 4.4, panel C). There are some
notable differences, however. The most obvious is the appearance of the glue granules that
remain after secretion. Cells in Rab1 glands do not contain many granules after secretion, and
those that do remain are varied in color and are large. While cells in Rab11 glands also have
large granules, they are mostly yellow/orange and have a closer resemblance to wildtype glands
post-secretion. Also, these glands do not contain the green fluorescence in the cytoplasm or the
green puncta that is found in Rab1 glands. Ultimately, both Rab1 and Rab11 glands exhibit full
rescue of the BRCi secretion-defective phenotype, but the secretion found in the glands
overexpressing Rab11 is closer to wildtype than that found in Rab1 glands.
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Putting Rab35 into GDIo glands did not yield rescuing effects (Figure 4.3, panel D).
Rather, it appeared to dilute some of the effects when combined with other Rabs. Moreover,
when Rab35 is introduced into BRCi glands alone, it also does not produce some rescue (Figure
4.4, panel D). These glands have some secretion, but it is very limited, similar to the amounts
found in BRCi glands. Likewise, the glue granules present appear to have fused with one another,
creating large glue inclusions that can also be found in BRCi glands. This Rab alone does not
appear to be sufficient to rescue the secretion and granule morphological defects that BRCi
produces.
Next, I combined the Rabs to see how that would affect the rescue. Combing Rab1 and
Rab11 into a BRCi background produces glands that have full secretion (Figure 4.4, panel E).
Despite this full secretion, these glands are littered with green puncta and fluorescence in the
cytoplasm, which is characteristic and unique to the presence of Rab1. Likewise, these glands
have very few glue granules, which is more closely related to Rab1 than Rab11, as Rab11 glands
have the most granules out of all the crosses. Rab1 and Rab35 were then combined in a BRCi
background (Figure 4.4, panel F), and the results are similar to what occurred when these two
Rabs were combined in the GDIo background – a blending of phenotypes (Figure 4.3, panel F).
Rab1 produces the green cytoplasmic fluorescence and puncta, while Rab35 increases the size
and number of granules present. There are many granules in these glands that are inclusion-like,
which is characteristic of Rab35.
Next, Rab11 and Rab35 were combined in a BRCi background, and this combination
produces glands that are most similar to wildtype (Figure 4.4, panel G). The lumen of these
glands is fully expanded and there are very few granules remaining, of which are mostly large
and red. Additionally, in the absence of Rab1, there is also an absence of the green puncta and
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there is very little cytoplasmic fluorescence in these glands, further demonstrating that those
effects are unique to the overexpression of Rab1.
Similar to the analyses on GDIo glands, all three key Rabs were combined in a BRCi
background, and this resulted in glands that have rescued secretion (Figure 4.4, panel H), but not
to the extent of Rab11 and Rab35 glands. Rab1 appears to be the diluting Rab in this
background, as there is a lot of green fluorescence in the cytoplasm along with the green puncta
described above. Nonetheless, the addition of all three Rabs to BRCi was able to effectively
rescue the secretion defects of BRCi glands. Lastly, Rab5 and Rab6 were added with the three
original Rabs and that appears to completely alter the morphology of the granules and glands
(Figure 4.4, panel I). This is unsurprising, as the “penta-Rab” strain was incredibly sickly,
presumably due to the introduction of so many transgenes: five Rabs, BRCi, glueGal4, and two
fluorescent sgs3 markers. The only difference between this strain and the GDIo “penta-Rab”
strain is the perturbating transgene, but that is seemingly enough to cause such a difference, as
the GDIo “penta-Rab” strain was not nearly as sickly. The BRCi “penta-Rab” strain produces
glands that have limited rescue due to the presence of glue in the lumen, but it appears the
introduction of the five Rabs does more harm to the gland than good.

4.3d: Ectopic Expression of Wildtype Rabs in an EcRi Background Does Not Rescue
Secretion Defects
The ectopic expression of two key wildtype Rab genes in the BRCi background was
sufficient to fully rescue the block in glue secretion. After observing this, I then wanted to add
Rabs into an EcRi background to test whether those Rabs can do the same when the entire 20E
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Figure 4.5. Transgenes containing individual or a combination of key Rabs were placed into
the EcRi genetic background. Panel A is an image from an animal expressing EcRi. Rab1 was
placed into the EcRi background (panel B). Rab11 was placed into the EcRi background
(panel C). Rab35 was placed into the EcRi background (panel D). Rab1 and Rab11 were
placed into the EcRi background (panel E). Rab1 and Rab35 were placed into the EcRi
background (panel F). Rab11 and Rab35 were placed into the EcRi background (panel G).
Rab1, Rab11, and Rab35 were placed into the EcRi background (panel H). All photos were
taken at the same magnification. The scale bar in panel H represents 25 µm and is the same in
all photos.
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signaling pathway is blocked, as opposed to just a major part of it. Thus, I introduced transgenes
containing wildtype cDNAs for each of the Rab genes under UAS control into the glueGal4,
glueYLO, UAS-EcRi strain to assay for any type of noticeable rescue of the blocked secretion
phenotype of glueGal4, glueYLO, UAS-EcRi glands (Figure 4.5).
Ectopically overexpressing Rabs, regardless of which ones were expressed or in what
combination, did not overcome the block in glue secretion or expectoration in the EcRi
background. Likewise, unlike the other two experiments with the GDIo and BRCi genetic
backgrounds, overexpressing Rabs in any combination did not significantly alter the glue granule
and gland morphology of the EcRi glands. I was only able to observe a few differences between
the rescue crosses. One of those differences was the overall color of the glue granules in the
salivary gland cells. Some glands contained granules that were mostly yellow, whereas other
glands contained granules that were more green (Figure 4.5, panel C compared to panels D and
H). At first glance, this appears to be characteristic of Rab35, but when Rab35 is combined with
Rab1 (Figure 4.5, panel F) and Rab11 (Figure 4.5, panel G), the granules in those glands are a
normal yellow color. Thus, there does not seem to be a discernable pattern in regard to granule
color for these rescue crosses.
The only other observation I made when comparing EcRi/+ glands to the rescue crosses
was that the overexpression of any Rab made the EcRi-like red granules near the lumen
disappear. EcRi glands have unique red granules at lumenal depths, as described in Chapter 3,
but when any of the three key Rabs, either singly or in combinations, are ectopically expressed in
the EcRi background, those large red granules are not present in any of the glands observed.
Overall, however, overexpressing Rabs starting in mL3 in the EcRi background fails to rescue
the block in secretion the EcRi transgene produces.
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4.4: Discussion
Having established a baseline reference for the gland and glue granule conditions before
and after 20E exposure and having characterized those conditions when key components of the
20E signaling pathway were perturbed, I then wanted examine effects downstream of the
primary response and investigate the Rab GTPase 20E effector molecules. Because there are 31
functional Rab proteins in Drosophila, there were very few genetic reagents available in my
pursuit to target all Rab signaling. However, one reagent (the overexpression of GDI) had
already been shown to be effective in blocking Rab signaling (Costantino, 2010). Thus, I set out
to characterize glands that overexpressed GDI, GDIo, in a glueGal4, YLO background.
The resulting glands were completely blocked in glue secretion and the cells in these
glands were much more voluminous than those found in wildtype glands. Likewise, the granules
were also much larger and there were more non-yellow colored granules. Comparing these
glands to the perturbed glands described in Chapter 3, they were the most similar to BRCi glands.
This led me to investigate the relationship between 20E and Rab signaling. To explore that
relationship, I put the GDIo transgene into both an EcRi and BRCi background. In both
backgrounds, the resulting glands were characteristic of GDIo only glands.
This phenotype was expected, however, because Rab signaling plays a crucial role in
developing glue granules, and if that signal is taken away via the sequestration of active Rabs,
then the resulting glands should resemble a GDIo phenotype. It is also likely that the GDIo
transgene becomes active earlier than EcRi is able to block the 20E signal, which was observed
when the EcR-DN transgene was placed into the same EcRi background. Thus, it is likely that the
sequestering of Rabs occurs hours before 20E is able to be blocked, which would result in the
GDIo phenotype. Likewise, the inactivation of Rabs would occur before the third minor 20E
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pulse, which I provided evidence suggesting this pulse is responsible for further maturation of
the glue granules. Therefore, if the minor pulse happens, but there are very few active Rabs
available to facilitate the homotypic fusion and maturation of the glue granules, then that would
produce a GDIo phenotype regardless of if the late, third instar 20E pulse is blocked by EcRi.
Moreover, when overexpressing GDI in a BRCi background, the resulting glands resembled
GDIo only glands. This is in line with the previous hypothesis that it does not necessarily matter
if 20E signaling, or even a major part of that signaling with the BRC, is blocked or not, because
the glands are still going to manifest into the GDIo phenotype due to the Rabs not being
available by the time of the third minor 20E pulse.
Out of the 31 Rab proteins, five were shown to produce significant secretion defects
when perturbed with dominant-negative transgenes in the salivary glands. Three of the five,
when perturbed, completely blocked glue secretion (Lantz, 2017). Those results suggest a few
key Rabs play a significant role in the glue secretion process. Thus, I wanted to test whether
those key Rabs were sufficient to rescue the secretion and granule/gland morphological defects
produced in various backgrounds. I first ectopically overexpressed wildtype constructs of Rab1,
Rab11, and Rab35, both singly and in combinations, in the GDIo background. Regardless of the
combination, none of those matings was able to rescue the block in glue secretion. However,
adding these Rabs back in did produce a partial rescue in gland and glue granule morphology.
The most apparent rescue in this background came from the introduction of wildtype
Rab1. Adding in Rab1 produced a green halo effect, and one explanation for this is that the Golgi
(a pH neutral compartment) is expanded in the cells of those glands. As described above, one
known role for Rab1 is to facilitate the trafficking of cargoes from the ER to the cis-Golgi. If this
addback is restoring this function, it would make sense that this compartment could be expanded.
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Furthermore, the expanded compartment would be expected to fluoresce green due to the more
intense eGFP fluorescence in the neutral environment. However, because the GDIo cells are still
missing other functional Rabs, the cargoes cannot be trafficked further and those already
produced remain blocked in their ability to be secreted. Likewise, Rab11 has been implicated as
a master regulator of protein transport through recycling endosomes (Jing and Prekeris, 2009). I
present data demonstrating that the addback of this Rab in combination with Rab1, which is
capable of trafficking glue vesicles to the Golgi, makes for the most ideal set of Rabs in rescuing
the granule and gland morphological defects. Glands with all three of the key Rabs or glands
with the three key Rabs along with Rab5 and Rab6, do not rescue the defects any better than
glands containing just Rab1 and Rab11. I believe the presence of up to nine transgenes greatly
hinders the potential rescuing benefits the extra Rabs may provide, as the fecundity is greatly
reduced, the larvae in those matings are extraordinarily lethargic, and the adult flies are sickly.
Nonetheless, while glue secretion was not rescued, overexpressing Rab1 and Rab11 produced
partial rescues in gland and glue granule morphology.
I then performed the same analysis investigating the ectopic expression of the same Rabs
in a BRCi background. In this background, I was able to fully rescue glue secretion with the
introduction of only Rab1 and only Rab11. The most robust rescue came in glands that added
back Rab11 and Rab35. These glands might have the most secretion due to the ability of Rab35
to recruit its effector molecule, fascin, which facilitates the building of the actin cages required
for glue secretion (Lantz, 2017). This Rab might not be effective by itself, however, which is
why Rab35 only glands do not see any rescue. Taken together, the results presented here
demonstrate that the BRC regulates, whether directly or indirectly, the induction or activity of
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Rab1 and Rab11 in the 20E-induced glue secretion process. Further testing is needed to elucidate
the mechanisms behind that regulation.
Lastly, I overexpressed the Rabs in an EcRi background on the off chance that rescue of
any sort may occur in that background. I demonstrate that regardless of the Rab or combination
of Rabs present, no rescue mating was able to alter the characteristics of the EcRi background in
a substantial manner. However, interestingly, every Rab was able to prevent the large, lumenal
red granules unique to EcRi glands from appearing. Perhaps the additional Rab signaling is
sufficient to prevent glue granules from forming large inclusions with lysosomal compartments,
especially near the lumen of the gland. Ultimately, adding Rabs into a BRC-deficient
background is sufficient to rescue glue secretion compared to doing so in an ecdysone receptorcompromised background. This is most likely due to the 20E signaling pathway activating a
plethora of secondary responses which all coordinate to secrete the glue granules, whereas the
BRC may only regulate a few of those responses, including the activity of several Rabs. Thus,
regardless of if Rabs are overexpressed, the absence of the 20E signal will prevent glue secretion
from occurring.
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CHAPTER 5
Conclusions and Future Directions
5.1: Conclusions
Multicellular organisms rely on hormones to coordinate and regulate their physiology and
development. In order to do so, steroid hormones act as signals to elicit tissue-specific responses,
which are typically brought about through changes in gene expression. In Drosophila
melanogaster, the steroid hormone 20-hydroxyecdysone (20E) is responsible for most of the
postembryonic developmental transitions. Thus, this single hormone is capable of triggering
many diverse responses depending on where and how much of the hormone is present. One of
those responses is the secretion of the accumulated glue proteins in the salivary gland cells at the
end of the third larval instar. This occurs in response to a large pulse of the hormone, and this
secretion event serves as an excellent model for exocrine secretion, a highly conserved and
ubiquitous process. The work I have presented in this thesis has used live imaging analysis to
characterize and further explore the details of this 20E-induced secretion event.
The first part of my analysis attempted to provide a fundamental characterization of the
morphology of the glue granules and salivary gland cells. This characterization was done in live
glands that contain a single copy of two transgenes that fluorescently tag one of the main glue
proteins when the endogenous glue genes are first synthesized. In this characterization, I found
the average glue granule diameter to be 2.6 µm and follows a normal distribution. I then found a
series of results that support the idea of the posterior region of the salivary gland being
developed and beginning synthesis of the glue granules first. This includes the average volume
and average number of granules in a cell for the three different gland regions, with posterior cells
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being the most voluminous and containing the greatest number of granules. Likewise, I found
that cells in the posterior region also have the largest average cell and nucleus diameter, further
supporting the idea that cells in this region have undergone additional rounds of endoreplication.
Having noticed that not every glue granule was fluorescing the expected yellow color, I then
found that there is not a significant difference in the number of non-yellow granules between the
three regions. I also showed that the size of these non-yellow granules falls in the normal
distribution of glue granules, suggesting that size does not play an apparent role in the pH of a
glue granule in wildtype gland cells.
After establishing the baseline number, size, and relative pH of glue granules in wildtype
glands, I then described what happens to the granules in regard to those attributes when cells are
compromised for 20E signaling. Compromising the exposure of the hormone to cells by
overexpressing E23 (E23o) resulted in glands that are much smaller, contain fewer granules, and
have an increased number of structures that are low in pH, or red granules. I then found that
compromising the ecdysone receptor complex resulted in different gland phenotypes depending
on the method used. Targeting EcR with RNAi (EcRi) resulted in glands that are the most similar
to wildtype L3 glands in almost every metric. On the other hand, compromising EcR using a
dominant negative mutation (EcR-DN) resulted in glands that are very similar to E23o glands.
After making this observation, I put both the EcR-DN and E23o transgenes separately into an
EcRi background. The resulting glands provided evidence to support the hypothesis that the
reason EcR-DN glands are similar to E23o glands is because they block the 20E signal before
EcRi glands do. Also, seeing how the glands that block the signal earlier are both smaller and
contain fewer granules, my results suggest that the third minor 20E pulse is responsible for glue
granule maturation and number. This hypothesis could be further tested.
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I then compromised one of the major primary response genes (BRC). This resulted in
glands that are much larger, contain massive glue inclusions that are mostly red or green, and
partially secretes the smaller glue vesicles. This result forced me to reject my original hypothesis
that targeting the BRC would only have minor effects, but it also suggested that letting other
parts of the pathway continue results in partial secretion, just not the secretion of the normal glue
granules. Not only do the normal glue granules not secrete, but they seem to fuse with degrading
compartments such as lysosomes due to the granules being predominantly orange and red,
suggesting there is an issue in the maturation and trafficking processes when BRC is silenced.
Moreover, I then provided evidence using a different fluorescent reagent that, of all the
previously described perturbations, only the EcRi reagent does not result in some degree of
partial secretion. Thus, it is the best reagent to use when wanting the tightest block in 20E
signaling.
Stepping further down the 20E signaling pathway, I then compromised 20E effector
molecules (the Rab GTPases) by overexpressing GDI (GDIo). Doing so resulted in glands that
contain very large glue granules that are abnormally distributed in regard to color. Globally
targeting Rab signaling also resulted in glands that are the largest of all the previously described
perturbed glands. Having seen that these glands are the most similar to BRCi glands, I placed
both the EcRi and BRCi transgenes separately into the GDIo background. This provided
additional evidence to further establish the 20E signaling hierarchy (Figure 5.1). I showed EcR to
be epistatic to BRC, GDI to be epistatic to EcR, and GDI to also be epistatic to BRC.
Finally, I ectopically expressed wildtype Rab genes in three genetic backgrounds: GDIo,
BRCi, and EcRi. I provided evidence suggesting that overexpressing Rab1 and Rab11 in the
GDIo background can partially rescue granule and gland morphological defects, but it does
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Figure 5.1. Schematic of the 20E signaling pathway. The liganded receptor complex will
promote the expression of primary response genes, including the BRC, which will induce
secondary responses. This thesis demonstrates that one of the secondary responses that BRC
regulates is the activity of Rab trafficking molecules.
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nothing to rescue the defect in glue secretion. That suggests additional Rabs are needed for the
complete glue secretion process. When doing the same in the BRCi background, however, I
provided evidence that glue secretion can be fully rescued by adding back either Rab1 or Rab11.
This makes a compelling case that the defects seen when silencing BRC are mainly a result of
faulty Rab signaling. In other terms, Rab1 and Rab11 are controlled by BRC, as ectopically
expressing either is sufficient to rescue glue secretion. Lastly, adding back Rab1, Rab11, or
Rab35, both singly and in combinations, does not rescue the secretion defects seen in EcRi
glands. This suggests other components of the 20E signaling pathway other than Rabs are needed
to induce glue secretion.
Overall, this thesis provides a thorough characterization of the wildtype salivary gland
cells and glue granules as they respond to 20E. It also provides a detailed, subcellular analysis of
how those granules are altered when four parts of the 20E signaling pathway – hormone
exposure, the receptor complex, a primary response gene, and a downstream effector molecule –
are perturbed. Lastly, it provides evidence that the BRC controls Rab1 and Rab11 in an effort to
secrete glue granules.

5.2: Future Directions
For the future, I would like to finish analyzing another set of strains that have been made,
which was done by introducing the pH-sensitive synaptobrevin membrane marker into each of
the GDIo/Rab rescue matings. This would be a useful reagent, as previously demonstrated, to
identify partial secretion, which would help to determine if partial secretion is occurring when
key Rabs are added back, as small amounts of secretion may not be obvious when normally

92

visualizing the glands. I would also like to use transgenes to silence or perturb individual key
Rabs in order to see if the resulting phenotype from such perturbations is similar to that observed
with BRCi glands. More specifically, I would like to target Rab1 and Rab11. If perturbing those
Rabs produces glands that are similar, that would provide more evidence that certain Rabs are
BRC-induced and would help explain the phenotype generated from BRCi glands. Likewise, a
bioinformatic approach could be taken to investigate whether specific Rab genes contain zincfinger binding sites, as the BRC codes for a set of zinc-finger transcriptional factors. The
presence of such binding sites might suggest that BRC directly induces the expression of the Rab
genes as opposed to the BRC regulating Rab induction or activity indirectly.
Now that I have characterized the GAL4/UAS reagents that drive or silence the
expression of a gene, I would like to compare these reagents with the new generation of reagents
that are capable of producing tissue-specific mutations. These reagents use the emerging
CRISPR technology under GAL4/UAS control. I would like to use a UAS-controlled guide RNA
and UAS-controlled Cas9 endonuclease that target EcR in order to investigate how effective such
a reagent would be in blocking glue secretion, and if blocked, how it alters the characteristics of
the glue granules and salivary gland cells. It would be interesting to see if perturbing the
ecdysone receptor in such a manner is similar to any of the phenotypes I have described in this
thesis. Overall, despite the abundant information presented in this thesis describing the 20Einduced secretion process, additional work is needed to further elucidate the molecular details of
this process.
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